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PHYSICAL AND CHEMICAL CHARACTERISTICS BEHIND MEMBRANE INTERACTIONS OF SMALL MOLECULES 




There are many types of molecules that interact with and within membranes whereas many factors 
can dictate how they interact with membranes. Often, the interactions with the membrane interface can 
affect the mechanism of action of these molecules. Here, the interactions of small molecules and an 
electron transporter with model membranes under varying conditions are described. In the first chapter, 
the pH dependence of membrane association of a commonly used food preservative, benzoic acid was 
discussed and compared to the mechanism of action of general weak acid preservatives. Next the 
interactions of many structurally very similar compounds with model membranes were compared. These 
studies outline the importance of both the environment and that by just altering the molecules slightly, 
the interactions of the molecules can be changed. Chapter 4 outlines the importance of lipid density on 
the interactions of the electron transporter used within the electron transport system of Mycobacterium 
tuberculosis (menaquinone-9) to show that menaquinone is capable of membrane transport of protons 
and electrons. Together, these studies show how interactions and diffusion across membranes are not 
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1.1 Cellular Membranes 
1.1.1 A Brief History of the Cell Membrane  
In the mid to late 1800’s, the existence of an osmotic barrier between the protoplasm of plants and 
their environment was established.1 Around this time, the osmotic barrier was also described as being 
selectively permeable.1 In 1899, Overton originally proposed the idea that these membranes consisted of 
a lipid/oil (lipid membrane theory).2-3 The idea that a cell is surrounded by a lipid/oil layer was then 
replaced by the mosaic theory (1904, Nathansohn).2, 4 The mosaic theory was simply a mixture of lipid/oil 
and semipermeable protoplasmic-like parts spread across the cell surface which would allow for 
permeation of ions and water.2, 4 Later in 1925, Gortor and Grendel first observed the amount of lipid that 
could be extracted from erythrocytes was sufficient to cover twice the surface area of the cell using 
Langmuir monolayers suggesting a lipid bilayer surrounded cells (see section 1.2.1.2).2, 5 Then in 1939, a 
model of the lipid bilayer membrane surrounded by protein coating on each side of the bilayer was 
proposed by Danielli and Davson.2, 6 Following a series of studies that include studying of ion movement 
across the bilayer, lipid lateral movement within the bilayer, and protein interactions with the bilayer, 
came the current theory for membranes which was presented by Singer and Nicolson as the fluid mosaic 
model.2, 7 The fluid mosaic model outlines all the characteristics discovered with membranes at the time 
as can be seen in Figure 1.1 and the author would like to recommend a review by Lombard for a more 
detailed historical account.2 Briefly, this model outlines a fluid like bilayer membrane composed primarily 
of lipids. Within this bilayer are varying types of proteins that can interact peripherally or integrally with 
the bilayer. Lipids may even be glycosylated, thus adding to the complexity of the membrane.8 Details 
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behind the fluid mosaic model have been further explored and added to the model, still the fluid mosaic 




Figure 1.1. Schematic of the fluid mosaic model of a cell membrane. This figure was originally from 
Lombard.2  
 
1.1.2 Brief Introduction of Structural Components of Cellular Membranes 
Since the introduction of the fluid mosaic model, the complexity of the membrane has been 
extensively studied.8 The 3-5 nm thick bilayer consists of numerous types of lipids that can have varying 
functions or even affect the bilayer physical characteristics.8-10 The lipid composition, protein composition, 
and glycosylation of the proteins and lipids can have dramatic effects on the membrane curvature and 
elasticity.8, 11 Along with all of these characteristics, lipids can form rafts that can affect the local 
environments.8, 12 Considering the cell membrane consists of about 40 lipids to every protein (varying by 
species), this discussion will focus only on the specific single or interlipid interactions.8, 10, 13 
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 Cell membrane lipids are composed of having a hydrophilic headgroup and a hydrophobic alkyl tail. 
Depending on the headgroup and tail composition, characteristics such as lipid shape can be affected. 
Lipid shape is defined as the inherent shape of a specific lipid.14 Examples of lipids with specific shapes 
include dipalmitoylphosphatidylethanolamine (DPPE, cone, Figure 1.2A), dipalmitoylphosphatidylcholine 
(DPPC, cylinder, Figure 1.2B), or lysophosphatidylcholine (LPC, inverted cone, Figure 1.2C).14 The specific 
shape of the lipids can cause local alterations of the membrane curvature and therefore certain lipids with 
a given shape can be found more commonly within particular regions of the cellular membrane.14 One 
structural region of the lipids that can affect the lipid shape is the headgroup.14-15 Larger headgroups as 
compared to their tail size can cause the lipids to have inverted cone shape (LPC). 14 Another characteristic 
that can affect the shape of the lipid is the interlipid interactions.14-15 As shown in Figure 1.2, the only 
structural difference between DPPC and DPPE is the choline (RN(CH3)+)  and the ethanolamine (RNH3+). 
Due to the hydrogen bond donating capability of the ethanolamine, DPPE headgroups can interact closely 
with another DPPE molecule headgroup allowing tight packing of the headgroups allowing for the tails to 
spread.14-15 This then causes DPPE to have a conical shape.14-15 This is not the case with DPPC (cylinder) 
which is known to spread across water interfaces and is utilized within the alveolar membrane of the lungs 
for this purpose to allow for easier gaseous diffusion across the alveolar membranes.16-17 Therefore, 
headgroup differences can have drastic effects on the lipid shape, how the lipids behave, and therefore 
affect the overall membrane structure. 
Another alteration of the chemical structure of lipids that can affect the shape of lipids and the cell 
membrane, is the hydrophobic tail double bond content (unsaturation). Most of the unsaturations found 
within the lipid tails are found to be in the cis conformation.8, 11, 14, 18 The cis conformation, as opposed to 
the trans conformation, is more commonly found in biological systems due to that the trans conformation 
overall structure does not deviate much from the fully saturated conformation.8, 11, 14, 18 With the cis 
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conformation, the tails are forced into angles (affecting the shape of the lipid) that prevent easy stacking 
of the lipids, causing an overall spreading of the lipids within the cell membrane (Figure 1.2D).8, 11, 14, 18  
Cells can also vary the length of the hydrophobic tail depending on the needs of the cell (Figure 1.2). 
The tail length of the fatty acids that make up the hydrophobic tails of the lipids vary in length depending 
on temperature.14, 19 Cells can also vary the structure of the fatty acid tails by instead of having a straight 
carbon chain, hydrophobic region of the lipids can consist of isoprene units, cyclopropanes, other 
alterations or mixtures.20 Through these alterations, the membrane can become more permeable or less 
permeable caused by differences in stacking ability of the lipid tails.14, 18-19 If the lipids can stack easier, 
then the membrane is less permeable due to a more rigid cell membrane.14, 18-19   
In summary, many structural characteristics of lipids can be adjusted to fit the cell’s needs.21-22 By 
controlling the shape of the lipids, the membrane shape can be altered, the amount of unsaturations 
within the tail can expand the lipids within the membrane, and the tail length can allow for easier/more 




Figure 1.2. Chemical structures and shapes of dipalmitoylphosphatidylcholine (DPPC, A and E), 
Dipalmitoylphosphatidylethanolamine (DPPE, B), Lysophosphatidylcholine (LPC, C). Chemical structures 
of DPPC with one unsaturation beginning on carbon 7 within a palmitate tail (D) and 
dilauroylphosphatidylcholine (DLPC, F).  
 
1.2 Molecular interactions with Membranes 
There have been many studies describing the cellular membranes themselves, but studying the 
specific interactions of molecules with the cell membrane lipids has proven to be much more difficult.23-
25 Considering that many drug therapeutics currently in use diffuse across membranes, it is important to 
understand the details behind the interactions that allow for this diffusion.10, 13 The limited information is 
largely due to the complexity of the cell membrane and therefore, it is difficult to study the specific 
interactions of small molecules with the membrane interface along with specific chemical and physical 
characteristics that lead to these interactions. In efforts to study the membrane interactions of small 
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molecules with cell membrane lipids, models of the cell membrane have been utilized to simplify the cell 
membrane to more manageable systems.  
1.2.1 Studying Molecular Interactions with Model Membranes 
To study and understand small molecule interactions with cell membranes, there have been many 
models developed. A few of the common models used include Black Lipid Membranes (BLM), liposomes, 
micelles, reverse micelles (RM), and Langmuir monolayers (Figure 1.3).2, 26 BLMs (also known as painted 
lipid bilayers) are bilayers that are formed by utilizing a paintbrush and painting an lipid solution in organic 
solvent over a small hole.26 When the solvent evaporates, the less volatile lipids are left behind forming a 
bilayer spanning the hole.26 BLMs have been used successfully to determine rates of diffusion across 
bilayers, but limited information about specific details behind molecular interactions with membranes can 
be obtained.26 Liposomes are characterized as being of at least a bilayer of lipids with water on the inside 
and outside of the vesicle.18, 27-29 Liposomes are arguably the most relevant model membrane to cell 
membranes as they are bilayer vesicles. The use of liposomes have been useful for determining molecular 
information behind the interactions of small molecules with the lipids composing the liposome.23, 25 These 
studies are normally very cumbersome and many techniques are necessary to determine these specific 
interactions.23, 25 The micelles are monolayers formed from surfactant/lipid and are highly controllable. 
Micelles have been used very successfully in determining the interactions of surfactants/lipids with small 
molecules.18, 30-32 Similarly, RMs (inverted micelles) have been used to determine the interactions of 
surfactants with small molecules, but are easier to control and form.30, 33-36 Specifically, the characteristics 
of the sodium aerosol-OT (AOT) RM has been characterized very well.37-39 Langmuir monolayers are water 
insoluble monolayers consisting of lipid or surfactant at an air-water interface.18 Langmuir monolayers 
have also been characterized very well and can be utilized to obtain information about how molecules 
affect lipid interfaces allowing for information about how the small molecules affect cell membranes.40-42 
By altering the area per molecule of lipid on a given surface, Langmuir monolayers can provide information 
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on how lipid density alters affects small molecules have on the monolayer.40-42 Considering the models 
presented here (Figure 1.3), the following studies to determine a few of the physical characteristics behind 
molecular interactions with membrane-like interfaces was conducted utilizing AOT RMs and Langmuir 
monolayers.  AOT RMs and Langmuir monolayers were chosen because they are well characterized and 
can give both molecular information and information about how small molecules affect the cell 
membrane interface. 
 
Figure 1.3. Schematics of a Black Lipid Membrane (BLM, A), a liposome (B), a micelle (C), a reverse micelle 
(D), and a Langmuir monolayer (E). The blue represents water, yellow represents hydrophobic 
solvent/region, and lipids/surfactants are given in pink.  
 
1.2.1.1 AOT Reverse Micelles 
Reverse micelles (RMs) are inverted micelles described as containing a nano-sized water pool 
surrounded by surfactant and dissolved in organic solvent (Figure 1.4).37, 43 To form this ternary 
microemulsion, water, organic solvent and a surfactant are mixed together and upon agitation, the RMs 
spontaneously form.37-39, 43 Once formed, RMs, on average, are spheres consisting of a bulk water core, a 
more solid Stern layer of the water near the headgroups of the surfactant, the surfactant tail region, and 
the organic solvent.37-39, 43 Shown in Figure 1.4 is an RM formed from one of the more commonly utilized 
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ternary systems which consists of water, the sodium salt of AOT, and 2,2,4 trimethylpentane as the 
organic solvent (isooctane).37-39, 43-45  
 
Figure 1.4. Chemical Structure of Sodium AOT (A), illustration of a w0 12 RM (B), and an illustration of a w0 
5 RM (C). The location of the Na+ ions within the Stern layer are given by red circles (B and C), and water 
within the Stern layer is given by blue circles. The number of Na+ within the Stern layer relates to 80-90% 
of the Na+ as is consistent with computational studies.46 This figure was adapted from Crans et al.44 
 
RMs have been characterized by numerous methods including spectroscopies such as ultraviolet-
visible (UV-Vis), dynamic light scattering (DLS),45, 47 infrared (IR), and nuclear magnetic resonance (NMR).38 
Utilizing these methodologies, RM characteristics have been found to be dependent on a number of 
factors, but primarily RMs are altered by changing the water to surfactant ratio (w0 =[H2O]/[Surfactant]).36-
39, 43, 45, 47-48 Just by altering the RM w0 value, desired characteristics of the RMs can be acquired easily. As 
shown in Table 1.1, many characteristics of the RM can be calculated from known values in literature 
allowing for a highly controllable system including the volume of the RM (Vh), volume of the water pool 
(Vw), surface area of the RM (SAh), surface area of the water pool (SAw), AOT per RM surface area 
(AOT/SAh), and AOT per water pool surface area (AOT/SAw).38, 45 Then by taking the ratio of the AOT per 
surface area of the RM to AOT per surface area of the water pool, it is clear that within the larger RM (w0 
20) the overall shape of the AOT is shape altered slightly to have more of a conical shape (increasing tail 
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area per headgroup area). By comparing the varying characteristics of varying w0 values of RMs, the 
interactions of molecules within the RM interface have been very successfully characterized.33-36, 44-45, 48-52 
The author would recommend a review by De et al. for a more detailed description of RMs.37 Therefore, 
the RM interface has been used as a general model for a cellular membrane to study the molecule 
interactions of molecules with a surfactant interface.33, 44, 49 
Table 1.1. Size description of RMs within Isooctane.a aThe table outlines the reverse micelles (RM) 
hydrodynamic radius (Rh), water pool radii (Rw), aggregation number (average AOT molecule per RM, ηagg), 
volume of RM (Vh), and volume of water pool (Vw), surface area of the RM (SAh), and surface area of the 
water pool (SAw) ; bLiterature value of Rh, Rw, and ηagg are from Maitra and Day et al.;38, 45 Values of Vh, Vw, 
SAh, SAw and the number of water molecules were calculated here from values given by Maitra and Day 















SAh per AOT 
(nm2/AOT) 
SAw per AOT 
(nm2/AOT) 
(SAh per AOT) 
/( SAw per AOT) 
8 3.2 1.6 72 140 17 130 32 1.8 0.43 4.2 
12 3.7 2.2 129 210 45 170 61 1.3 0.47 2.8 
16 4.2 2.9 215 310 100 220 110 1.0 0.51 2.0 
20 4.4 3.5 302 360 180 240 150 0.77 0.50 1.5 
 
1.2.1.2 Langmuir Monolayers 
Originally developed by Agnes Pockels, but later named after Irving Langmuir’s version of the 
monolayer, Langmuir monolayers are described as single molecule thick films residing on an aqueous 
subphase as depicted in Figure 1.5.2, 53-54 Langmuir monolayers are formed by the addition of a volatile 
organic phospholipid solution to an aqueous subphase in a dropwise manner.42, 53-55 Once added to the 
subphase, the volatile organic solvent evaporates and an insoluble monolayer of lipids forms at the air-
water interface with the headgroups of the lipids in the water.42, 55 Langmuir monolayers can be formed 
using many types of lipids or even lipid extracts from cells to allow for as close to a cellular membrane 
mixture as possible if preferred.56-57 The presence of the lipid monolayer then reduces the surface tension 
of water (72.8 mN/m) which can then be measured by a wire probe connected to a balance (Wilhemy 
plate method).58 The surface pressure (π) of the monolayer can be calculated by subtracting the surface 
tension of water in the presence of lipid (γ) from the initial surface tension of water (γ0, 72.8 mN/m) as 
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shown in equation 1.1.42, 55 By measuring the area the monolayer covers at specific surface pressures, 
expansion or contraction effects on the lipid monolayer by other molecules can be determined. 42, 55  
𝜋𝜋 = 𝛾𝛾0 − 𝛾𝛾 (1.1) 
The most common experiment used to determine the area of the Langmuir monolayer is the 
compression isotherm. As the name implies, a compression isotherm is an experiment where the 
Langmuir monolayer is compressed at a specific temperature and at a given rate (usually 10 mm min-1 or 
less). During this experiment, phase transitions of the lipids can be observed as shown in Figure 1.5. These 
phase transitions especially apparent with DPPC since it spreads across the aqueous interface and will 
exhibit all of the phase transitions.16-17 Other lipids may not exhibit these phase transitions due to a limited 
amount of spreading across the water interface.16-17 The resulting graphs from the compression isotherms 
are read from right to left as the area per molecule is decreased (monolayer is compressed). During this 
compression, the surface pressure is recorded at specific areas which can give information about the 
phase transitions of the lipids.40-42 For example, at about 5 mN/m a phase transition of DPPC from gas 
phase to liquid phase can be observed and a collapse of the monolayer occurs at higher pressures.41 During 
a compression, the lipids present transition from being in a gas-like state to a liquid-like state, and finally 
to a solid-like state with the pressures of 30-35 mN/m being accepted as near biologically related lipid 
densities.42, 55 The author would recommend the review by Kaganer et al. for a more detailed description 
of Langmuir monolayers.55 As Langmuir monolayers are currently the only method to determine how lipid 
density can affect interactions with small molecules and they are composed of any lipid of choice (as long 
as they are insoluble in the aqueous subphase), the following studies use Langmuir monolayers as another 




Figure 1.5. Example compression isotherm of a DPPC Langmuir monolayer. The compression isotherm 
graph reads from right to left and has an illustration of the lipids at each phase of the compression 
isotherm curve. 
 
1.4 Studies of the Subsequent Chapters  
Within these studies, physical and chemical characteristics behind membrane interactions of small 
molecules are explored. Chapter one explores the membrane interactions of a common food preservative 
as a function of pH.34 Chapter three shows that even small structural differences can affect the specific 
interactions with interfaces using small aromatic amides and hydrazides. Then in chapter four, the 
interactions of an electron transporter with phospholipids is explored as a function of phospholipid 
density. Finally, Chapter five discusses future studies and the direction the author believes these studies 
should resume.  
In chapter one, the pH dependence of the membrane interactions of small molecules is discussed in 
terms of the weak acid preservative, benzoic acid. The interactions of benzoic acid and benzoate with 
model membrane systems was characterized to understand the molecular interactions of the two forms 
of a simple aromatic acid with the components of the membrane. The RM microemulsion system based 
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on AOT allowed determination of the molecular positioning using 1H 1D NMR and 1H-1H 2D NMR 
spectroscopic methods. Benzoic acid and benzoate were both found to penetrate the membrane/water 
interfaces; however, the benzoic acid was able to penetrate much deeper into the hydrophobic tail region 
of the AOT RM microemulsion. This data would suggest that benzoic acid is much more readily able to 
traverse a cellular membrane. The Langmuir monolayer model system, using DPPC, was used as a generic 
membrane lipid for a cell. Compression isotherms of monolayers demonstrated a pH dependent 
interaction with a lipid monolayer and confirmed the pH dependent observations shown in the reverse 
micellar model system. These studies provide an explanation for the antimicrobial activity of benzoic acid 
while benzoate is inactive against microorganisms.34 
Pyridine based small molecule drugs, vitamins, and cofactors are vital for many cellular processes, but 
little is known about their interactions with membrane interfaces and is discussed in chapter two. This 
study explores how minor differences in small molecules (isoniazid, benzhydrazide, isonicotinamide, 
nicotinamide, picolinamide, and benzamide) affect their interactions with model membranes. Langmuir 
monolayer studies of DPPC or DPPE, in the presence of the molecules listed, show that isoniazid and 
isonicotinamide affect the DPPE monolayer at lower concentrations than the DPPC monolayer, 
demonstrating a preference for one phospholipid over the other. The Langmuir monolayer studies also 
suggest that nitrogen content and stereochemistry of the small molecule can affect the phospholipid 
monolayers differently. To obtain determine the molecular interactions of the simple N-containing 
aromatic pyridines with a membrane-like interface, 1H 1D NMR and 1H-1H 2D NMR techniques were 
utilized to obtain information about position and orientation of the molecules of interest within AOT RMs. 
These studies show that all six of the molecules reside near the AOT sulfonate headgroups and ester 
linkages in similar positions, but nicotinamide and picolinamide tilt at the water-AOT interface to varying 
degrees. Combined, these studies demonstrate that small structural changes of small molecules can affect 
their specific interactions with membrane-like interfaces, and specificity toward specific cells.59 
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Chapter four discusses how lipid density and varying lipid types can affect the interactions with the 
Mycobacterium tuberculosis electron transporter, Menaquinone-9 (MK-9). Despite quinones from 
different organisms having varying structures, they are all thought to move within their respective 
electron transport systems similarly. All quinones within the electron transport chain are commonly 
illustrated as moving through the bilayer in a circular motion. This is even true with the electron 
transporter, MK-9, even though little information about the interactions of MK-9 with phospholipids is 
known. In this study, the interactions of MK-9 with common phospholipids, DPPC and DPPE, were 
determined using Langmuir monolayer techniques. Through the compression isotherm mixed monolayer 
studies, ideal area calculations, normalization to phospholipid content, and compression modulus 
calculations, these studies show that MK-9 does get partially compressed out of the monolayers, but not 
to the extent as has previously been reported. Brewster Angle Microscopy (BAM) studies were able to 
confirm most of the observations make through the surface pressure measurements. These studies 
specifically show that MK-9 does become partially compressed out of the Langmuir monolayers in a 
manner that would be consistent with the interactions of other quinones with lipids.  
The summary, implications, and direction the author believes to be the next steps in these studies are 
presented in chapter five. Through the previous studies in chapters two through four, a few of the physical 
and chemical characterisitcs behind molecular interactions with membrane interfaces were explored. 
Though chapter one, the effects of pH on the membrane interactions of were determined, small structural 
differences affecting membrane interactions were explored in chapter three, and lipid density affects 
were determined for an electron transporter in chapter four. These studies have implications far and wide 
in the food industry, drug industry, and the mechanism behind electron transport within the bilayer of 
cells. There are many avenues for future studies from the studies presented here, but some of the most 
interesting would be to measure the pKa of a few weak acids within the membrane interface using 
Langmuir monolayers, use insertion profiles of Langmuir monolayers at varying pH values to show that 
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the membrane interface affinity of molecules change as a function of pH, and computational studies of 
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2.1 Weak Acid Food Preservatives as Antimicrobials 
 There are many methods used for food preservation that are in use today.1-2 Of them, the weak acid 
preservatives are some of the most widely utilized in food and beverages to prevent the growth of 
microorganisms.2-4 The weak acid preservative class (E200-E299) includes weak acids such as acetic acid, 
formic acid, and benzoic acid (HB). Weak acid preservatives only have antimicrobial activity when in an 
acidic environment (below their pKa).1-2 This has been shown through numerous experiments where 
consistently the weak acids become more able to diffuse across cell and organelle membranes as the pH 
of the media is decreased.2, 5-8 This is likely due to the differences in the interactions of the charged 
conjugate base and uncharged acid with the membrane interface.2-4, 9  
To combat weak acid preservatives, the adaptation of Saccharomyces cerevisiae (S. cerevisiae) has 
been well characterized in relation to larger weak acids such as benzoic acid (HB).2-4, 7-11 Considering that 
the acid is uncharged and the conjugate base is negatively charged, it’s thought that the neutral acid can 
diffuse across the cellular membrane. Once across the membrane, the HB dissociates into the conjugate 
base (benzoate, B-) and a proton within the higher pH cytosol.6, 8 After this dissociation, the intercellular 
environment pH decreases and an accumulation of toxic B-, and an upregulation of the transcription factor 
Pdr12 occurs.12-17 Pdr12 codes for an ABC transporter (Pdr12) that exports carboxylic acids.12-17 
Simultaneously, an ATPase that exports protons is upregulated (Pma1) to restore the homeostatic pH of 
the cytosol.9, 18 After Pdr12 exports B- into the cytosol with a low pH, B- reprotonates and HB forms. This 
event then leads to the final step of what has been described as a futile cycle and has been described in 
detail using HB and B- as the weak acid preservative by Piper et al. shown in Figure 2.1.3, 9, 19 Although the 
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details behind how HB affects microorganisms such as S. cerevisiae have been studied in detail, little 
information is available about the differences between the interactions of HB and B- with the cell 
membrane.  
Therefore, this chapter aims to determine if there are differences in interactions with membrane 
interfaces between HB and B-. Using HB and B- as models for the weak acid food preservative class, we 
hypothesize that HB and B- interact with membranes differently with interfaces which allows for the 
preferential entry of HB into the cell. Specifically, HB can penetrate deeper into a membrane interface 
than B-, which will prefer to stay within water. To test this hypothesis, we used reverse micelles in 
conjunction with 1H NMR techniques and surface pressure compression isotherms of Langmuir 
monolayers comprised of dipalmitoylphosphatidylcholine (DPPC) as discussed in greater detail in the 
previous chapter or within the published manuscript.20 
 
Figure 2.1. Diagram representing the “futile” cycle described by Piper et al. for S. cerevisiae with more 
solid arrow outlining the importance of passive diffusion for weak acid uptake into the cell3, 9, 19 A-, H+, 
HA, ATP, and ADP represent, the conjugate base of the acid, proton, weak acid, adenosine triphosphate, 
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2.2 Materials and Methods 
2.2.1 Materials 
Most reagents were used without further purification including HB (Sigma-Aldrich, ≥99.5%), 2,2,4-
trimethylpentane (isooctane, Sigma-Aldrich, ≥99.0%), deuterium oxide (D2O, Cambridge Isotope 
Laboratories, 99.9%), 1,2-dipalmitoyl-sn-glycero-3- phosphocholine (DPPC, Avanti Polar Lipids Inc., >99%), 
d6-dimethyl sulfoxide containing tetramethyl silane (d6-DMSO, Cambridge Isotope Laboratories, 99.9% + 
0.05% TMS), activated charcoal (Sigma-Aldrich, 8−20 mesh), methanol (Omnisolve, 99.9%), 3-
(trimethylsilyl)- propane-1-sulfonic acid (DSS, Wilmad), hexane (Fisher Scientific, 99.9%), and isopropanol 
(EMD, 99.8%). Bis(2-ethylhexyl)- sulfosuccinate sodium salt (AOT, Aldrich, 99.8%) was purified using 
activated charcoal and methanol to remove acidic impurities as described previously.21 Briefly, 50.0 g AOT 
was dissolved into 150 mL of methanol. Then 15 g activated charcoal was added to the mixture. This 
suspension was stirred for 2 weeks. After mixing, the suspension was filtered to remove the activated 
charcoal. The filtrate was then dried under rotary evaporation at 50 °C until the water content was below 
0.2 molecules of water per AOT as determined by 1H NMR spectroscopy. All pH measurements were 
conducted using a Thermo Orion 2 Star pH meter equipped with a VWR semimicro pH probe. When 
conducting the NMR experiments, deuterium oxide was used in the presence of aqueous solutions and 
the pH was adjusted to consider the presence of deuterium (pD = 0.4 + pH).21 The pD is customarily 
referred to as pH and therefore we refer to pD as pH.21-23 NaOD and DCl solutions were prepared by 
dissolving NaOH or HCl into D2O. 
2.2.2 Preparation of Aqueous Solutions of HB and B- for 1H 1D NMR Experiments 
The aqueous stock solution was prepared by dissolving HB (0.031 g, 0.25 mmol) in D2O (25.0 mL). This 
10 mM solution was then separated into 2 mL aliquots. The pH of each of the aliquots was adjusted using 
NaOD or DCl (1.0 and 0.1 M) to prepare a range of pH values.  
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2.2.3 Preparation of AOT-Isooctane Stock Solutions and Reverse Micelle Microemulsions of HB 
and B- for 1H 1D NMR Experiments 
The 750 mM AOT-isooctane stock solution was prepared by dissolving sodium AOT (8.34 g, 18.8 mmol) 
in isooctane (25 mL). Specific volumes of the AOT stock solution was added to specific volumes of the 
aqueous stock solutions of HB or B- and vortexed until clear to form reverse micelles of w0 values of 20, 
16, 12, and 8 (w0 = [H2O]/[AOT]).  
2.2.4 1H 1D NMR Experiments with Reverse Micelle Microemulsion and D2O Samples 
1H NMR experiments were performed using a 400 MHz Varian NMR spectrometer using a 45° pulse 
at 25oC. The aqueous samples were referenced to an external DSS sample at the same pH. The pH of the 
reverse micelles was assumed to be the same as the aqueous solutions. Reverse micelle samples were 
referenced to the isooctane methyl peak (0.904 ppm) as previously reported.21 1H 1D NMR spectral data 
were analyzed using MestReNova NMR processing software version 10.0.1. Chemical shifts of proton Ha 
for HB and B- were then transferred to OriginPro version 9.61 where the chemical shifts were graphed as 
a function of pH. A best fit sigmoidal curve was fit to the data points and the pH corresponding to the 
maximum of the derivative of the best fit curve allowed for the determination of the pKa of HB in both the 
aqueous and reverse micelle solutions. 
2.2.5 Preparation of B- Containing Reverse Micelles for 1H-1H 2D NOESY NMR Experiments  
To prepare the 200 mM B- aqueous stock solution, HB (0.0050 g,0.040 mmol) was dissolved into 2 mL 
of doubly deionized (DDI) H2O as the pH was adjusted to 7.8 using HCl and NaOH (1.0 and 0.1 M). The 750 
mM AOT stock solution was prepared by dissolving sodium AOT (0.333 g, 0.750 mmol) into 1 mL of 95% 
isooctane/5% d12-cyclohexane (v/v). The w0 16 reverse micelles were then prepared by dissolving 215 µL 
of B- aqueous stock solution into 785 µL AOT stock solution for a final concentration for 43 mM B- in the 
overall reverse micellar microemulsion.  
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2.2.6 Preparation of HB Containing Reverse Micelles for 1H-1H 2D NOESY NMR Experiments 
To prepare the 200 mM HB sample, HB (0.0053 g, 0.043 mmol) was added to 215 µL of D2O. To this 
suspension, 785 µL of 750 mM AOT stock solution in isooctane was added to the suspension. The AOT 
stock solution was prepared as previously described in section 2.2.5.  The mixture was then vortexed until 
all HB was dissolved, and the mixture turned clear.  
2.2.7 1H-1H 2D NOESY NMR Experiments of B- or HB Containing RMs 
The 1H-1H 2D NOESY NMR spectra were obtained using a 500 MHz Varian NMR at 25 °C. The 
experiments were conducted using a standard pulse sequence with 32 scans per transient, 200 transient 
pairs in the f1 dimension, 200 ms mixing time, and the NMR was locked onto d12 -cyclohexane. The 
spectrum was referenced to the isooctane methyl peak at 0.904 ppm as previously reported and the data 
was processed using MestReNova NMR processing software. The 1H-1H 2D NOESY spectrum was worked 
up by first mildly phasing the spectrum in both the f1 and f2 dimensions then subjecting the spectrum a 
90o sine2 weighting function. Then a 3rd order Bernstein polynomial baseline. After baselining, the 
spectrum was then subjected to a cozy-like symmetrization function.  
2.2.8 Reverse Micelle Sample Preparation for Dynamic Light Scattering 
HB (0.012 g, 0.10mmol) was dissolved into 10 mL of DDI H2O to prepare a 10.0 mM stock solution. The 
pH of the of aliquots (5 mL) of HB was adjusted to 3.0 and 7.0 with HCl and NaOH (1.0 and 0.1 M). The 100 
mM AOT stock solution was prepared by dissolving sodium AOT (8.89 g, 20.0 mM) into 200 mL isooctane. 
The reverse micelles were prepared then by adding specific volumes of DDI H2O or HB solution at specific 
pH values to specific volumes of AOT stock solution and vortexed until clear to prepare reverse micelles 
sizes of w0 20, 16, 12, and 8. 
To prepare the 200 mM samples of HB, 0.0035 g (0.029 mmol) of HB was dissolved into 5 mL of w0 16 
reverse micelle solution by vortexing until the solution was clear. To prepare the 200 mM B- solution, 
0.049 g (0.40 mmol) of HB was dissolved in 2 mL of DDI H2O while the pH was adjusted to 9.0 using HCl 
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and NaOH (1.0 and 0.1 M). Then 5 mL of w0 16 reverse micelle solution was prepared by mixing the 200 
mM B- solution with 100 mM AOT solution. 
The 1 cm × 1 cm glass cuvettes used for the dynamic light scattering (DLS) measurement were cleaned 
by first rinsing 3 times with isooctane followed by rinsing three times with the sample solution to be 
measured. The cuvettes were then filled with 1 mL of a reverse micelle sample and capped with a Teflon 
cap. Identical results were obtained whether samples were filtered or not as has previously been done. 
Each sample was made in triplicate and measured according to section 2.2.9. 
2.2.9 DLS Measurements of Reverse Micelle Solutions 
DLS measurements were conducted using a Zetasizer nano-ZS. Each measurement consisted of a 700 
s equilibration time at 25 °C followed by 10 acquisitions consisting of 15 scans for each acquisition. The 
data was analyzed using Zetasizer software and the values reported are the average of triplicate samples. 
2.2.10 Langmuir Monolayer Studies 
Langmuir monolayers of dipalmitoylphosphatidylcholine (DPPC) were prepared using a Kibron 
µTroughXS (59 mm wide and 232 mm long) The subphase consisted of 25 mL of DDI H2O or 1.0 mM HB 
(0.0031 g, 25 µmol) at pH 7.0 or 3.0. The pH was adjusted using HCl or NaOH (1.0 and 0.1 M). The 
phospholipid 2.7 mM stock solution of DPPC consisted of 2.7 µmol DPPC dissolved in 1 mL of n-
hexane/isopropanol (3:2, v/v). DPPC stock solution was applied to the surface of the subphase (7 µL, 19 
nmol) in a dropwise manner. This was then allowed to equilibrate 10 minutes. The trough barriers were 
then compressed at a constant rate of 35 mm min-1. Surface Pressure was monitored throughout 
compression via the Wilhemy plate method where a wire probe was used in place of a plate. The surface 
pressure is calculated using equation 1 where π is the surface pressure, γo is the surface tension of water 
without lipid present (72.8 mN/m), and γ is the surface tension in the presence of lipid.24 25  
                                                    𝜋𝜋 = 𝛾𝛾𝑜𝑜 − 𝛾𝛾     (1) 
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The results of each measurement are reported as an average of three trials. The compression modulus 
of each average was calculated as previously reported using equation 2 where Cs-1 is the compression 




�     (2) 
2.3 Results and Discussion 
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Figure 2.2. Chemical Structures of HB and B- with labeled protons for 1H NMR interpretation. The pKa of 
HB is from Wehry et al. and is the pKa in D2O.27 
 
With the only structural difference between HB and B- being the protonation state (Figure 2.2), a 
titration of HB/B- was conducted in D2O to determine if it was possible to see chemical shift differences 
using 1H NMR (Figure 2.3). Below pH 3.6, the chemical shifts of the aromatic protons of HB/B- do not shift. 
Between pH 3.6 to 6.0 the three HB/B- aromatic proton peaks shift (Ha (-0.17 ppm), Hb (-0.14), and Hc (-
0.07 ppm)). Above pH 6.0, the chemical shifts of the aromatic protons of HB/B- do not change. The 
chemical shifting pattern is interpreted as HB being the only species present below pH 3.6, B- being the 
only species above pH 6.0, and varying mole fractions of HB and B- between pH 3.6 and 6.0. As the pH 
increases from 3.6 to 6.0 the ratio of HB to B- decreases. Using this curve, it was possible to determine 




Figure 2.3. Titration from pH 1.2 to 9.3 of 10 mM HB/B- in D2O. 1H NMR peaks are labeled with according 
the HB/B- structures in Figure 2.2. 
 
2.3.2 1H NMR of HB and B- in Reverse Micelles 
Considering there is a difference between the HB and B- aromatic proton chemical shifts, it is then 
possible to independently study HB and B-  with the reverse micelle model membrane. For an initial study 
to place HB and B- within a model membrane, HB or B- were added to varying sizes of reverse micelles to 
determine how the varying environment of the differently sized reverse micelles (w0 20, 16, 12, and 8) 
affect the chemical shifts of the aromatic protons of HB or B-.  
The HB aromatic proton peaks all have different chemical shifts than what was found in the varying 
RM samples as shown in Figure 2.4. From the D2O sample to the RM sample with the least amount of D2O 
(w0 8) the peak corresponding to Ha shifted downfield (+0.6 ppm) and the peaks corresponding to Hc and 
Hb shifted upfield (-0.3 ppm and -0.2 ppm respectively). The upfield shifting of Hb and Hc proton peaks is 
consistent with a reduction in solvent polarity.29 The downfield shifting of the Ha proton peak is likely 
caused by a difference in hydrogen bonding of the carboxylic acid with D2O and the AOT interface. When 
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considering the peak broadness, the HB aromatic proton peaks are sharpest when HB is in the D2O sample, 
and the peaks become sharper as the RMs are smaller. This is consistent with HB residing within the AOT 
aliphatic chains, otherwise the peak sharpness would be similar to that of D2O.24 Although the reverse 
micelle microemulsion is a heterogeneous environment, it is conceivable that HB forms dimers under 
these conditions causing the shifting that is observed.30-31 The samples contain few HB molecules (1.1 
molecules or fewer on average) requiring a high affinity to form dimers within the RM microemulsion (see 
Table 2.1).23, 32  
 
Figure 2.4. 1H 1D NMR spectra of 10 mM HB (pH 1.2, A) and B- (pH 9.3, B) aromatic protons inside RMs of 
varying wo values (left of spectra) and D2O. 1H NMR peaks are labeled with according the HB/B- structures 
in Figure 2.2. 
 
The B- aromatic proton peaks have a very different shifting pattern than that found with HB, as Shown 
in Figure 2.4. The shifting of all the aromatic B- proton peaks were more gradual from the D2O sample to 
the RM with the least amount of D2O (w0 8) where Ha shifts downfield (+0.1 ppm), and Hb and Hc shift 
upfield ( -0.1 ppm and -0.1 ppm respectively). Within the larger of the RMs (w0 20), the B- chemical shifts 
are similar to that found in D2O, but then shift as the RM size is reduced suggesting placement of B- near 
the Stern layer of the RM. The peak broadness is of the B- aromatic proton peaks is also similar to that 
found in D2O for the w0 20 RM sample supporting the finding that B- resides within the water.  
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2.3.3 1H NMR Titrations of HB Within Reverse Micelles 
In order to explore the pH dependence of HB with the RM model membrane further, titrations within 
RMs of varying sizes were conducted. Figure 2.5 depicts the titration of HB within w0 16 RMs and 
compared to HB and B- in aqueous solution. As the pH decreased within the RM samples, the peak 
corresponding to Ha shifts gradually downfield (+0.2 ppm) in a similar manner as with the D2O samples. 
This similarity is consistent with B- becoming protonated at lowering pH values. The slight downfield shift 
of the Ha peak also suggests a placement near the Stern Layer. 
 
Figure 2.5. Titration from pH 1.2 to 9.3 of 10 mM HB/B- in wo 16 reverse micelles with 10 mM HB/B-  D2O 
spectra at pH 1.2 and 9.3 for comparison. 1H NMR peaks are labeled with according the HB/B- structures 
in Figure 2.2. 
 
In contrast, The Hc and Hb peaks at high pH values (ex. 9.3) have similar chemical shifts as the D2O 
sample, but shift upfield (-0.10 ppm, instead of downfield in D2O) as the pH is lowered. Considering a 
protonation of B- causes a downfield shifting as shown in the D2O titration, this upfield shifting pattern is 
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most likely due to a difference in placement of B- and HB within the RM interface (Stern Layer vs AOT 
aliphatic tails respectively). This shifting pattern is consistent within many sizes of RM as shown in Figure 
2.6. In summary HB/B- are positioned in a pH dependent manner, where B- would prefer the Stern layer 
and HB is closer to the RM aliphatic tails. 
Figure 2.6. Chemical shifting of HB/B- aromatic protons peaks as a function of pH for Ha (A), Hb (B), and Hc 
(C) in RMs of wo values of 8, 12, 16, and 20. The chemical shifting of HB/B- aromatic protons in the D2O 
spectra were added for comparison. 1H NMR peaks are labeled with according the HB/B- structures in 
Figure 2.2. 
 
The titrations also allowed for the determination of the pKa of HB within the RM interface. Considering 
that the chemical shift of the Ha peak is most affected by the protonation state of HB/B- and consistently 
shifts in a similar manner in RM and aqueous samples, the Ha chemical shift was used to calculate pKa. The 
pKa values determined to be 4.0 (w0 20), 4.1 (w0 20, 16), and 3.7 (w0 8). The pKa values decrease from the 
D2O sample to RM samples (-0.6 to -0.9) which is most likely due to an interaction with the AOT interface 
or characteristic of the reverse micellar interface, supporting an interaction of HB/B- with the RM 
interface. 
2.3.4 1H-1H 2D NOESY NMR of HB and B- Within Reverse Micelles 
To confirm the 1H 1D NMR study findings, more information was sought using 1H-1H 2D NOESY NMR 
for direct information about placement of HB and B- within the AOT RM interface. For both HB and B-, the 
concentration was raised to 200 mM within the RM water pool (43 mM overall) to compensate for the 
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lowered sensitivity of the experiments as compared to the 1H 1D NMR experiments. Partial 1H-1H 2D 
NOESY NMR spectra are shown in Figure 2.8 to focus on the region of interest.  
Figure 2.8. 1H-1H 2D NOESY NMR spectra of 200 mM HB (A) and B- (B) in wo 16 RMs. Both Spectra were 
run using the standard 1H-1H NOESY NMR pulse sequence and spectra were processed as described in 
section 2.2.7. Correlations between off-diagonal peaks and diagonal peaks are indicated by lines. 1H NMR 
peaks in the f1 dimension are labeled with according the HB/B- structures in Figure 2.2.  
In Figure 2.8, off-diagonal cross peaks between Ha and Hb/Hc for both HB and B- can be observed and 
is expected considering the corresponding protons are within the same aromatic ring. When just 
considering HB (Figure 2.8A), very small off-diagonal cross peaks between Ha and Hb/Hc with the peak 
corresponding to the AOT/isooctane methyl can be observed at 0.9 ppm in the f2 dimension. This finding 
would be consistent with a placement of HB within the aliphatic regions of the RM microemulsion. Moving 
to B- (Figure 2.8B), small off-diagonal cross peaks between the aromatic proton peaks of B- and H2O can 
be observed at 4.6 ppm in the f2 dimension.  This is consistent with placement of B- within the water pool. 
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It is important to note that the spectra were extensively worked up to be able to obtain the observed 
peaks through the noise level. This most likely introduced some artifacts like the one observed at about 
1.2 ppm and 1.4 ppm in the f2 dimension in Figure 2.8B. Although the spectra had to be extensively 
worked up, the data does support the findings of the 1H 1D NMR experiments where B- resides within the 
water, and HB resides within the aliphatic region. 
2.3.5 DLS of RMs Containing HB or B- 
For further characterization of the RM microemulsion system, DLS was used to determine if RMs were 
forming and of appropriate size in the presence of the concentrations of B- and HB used for the NMR 
studies. As shown in Table 2.1, the hydrodynamic radius, radius of the water pool, the polydispersity, the 
aggregation number, and the average molecules per RM are given. Overall, it seems that there may be a 
slight decrease in hydrodynamic radius when 200 mM B- is present within w0 16 RMs (12.4 molecules per 
RM) but more information should be acquired before making any conclusions. Otherwise, the size of the 
RMs were consistent in the presence of HB/B- and was consistent with literature values.33 This would 
suggest that any kind of alteration to the RM structure caused by the presence of HB/B- is minor and is 
not observed within this study.   
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Table 2.1. Comparing Sizes of RMs of Different w0 Values with and without HB/B-a aThe table outlines the 
contents of the reverse micelles (RM), their relative observed hydrodynamic radii (Rh), water pool radii 
(Rw), polydispersity index (PDI), aggregation number (ηagg), and molecules per reverse micelle as calculated 
using the aggregation number (# AOT/RMs); bLiterature value is from Maitra.33 
w0 RM content Rh (nm) Rw (nm) PDI Rh reported 
(nm)b 
ηagg HB/B- per RM 
20 Water 
10 mM B- 
10 mM HB 
4.7 +/- 0.2 
4.4 +/- 0.3 
4.5 +/- 0.4 
3.6 +/- 0.2 
3.3 +/- 0.3 
3.4 +/- 0.4 
0.3 +/- 0.1 
0.6 +/- 0.1 
0.4 +/- 0.1 




10 mM B- 
10 mM HB 
200 mM B- 
200 mM HB 
4.1 +/- 0.1 
4.4 +/- 0.8 
4.0 +/- 0.3 
3.8 +/- 0.1 
4.4 +/- 0.7 
3.0 +/- 0.1 
3.3 +/- 0.8 
2.9 +/- 0.3 
2.7 +/- 0.1 
3.3 +/- 0.7 
0.3 +/- 0.1 
0.4 +/- 0.1 
0.4 +/- 0.1 
0.3 +/- 0.1 
0.4 +/- 0.1 






10 mM B- 
10 mM HB 
3.9 +/- 0.4 
3.7 +/- 0.2 
3.5 +/- 0.3 
2.8 +/- 0.4 
2.6 +/- 0.2 
2.4 +/- 0.3 
0.3 +/- 0.1 
0.3 +/- 0.1 
0.4 +/- 0.2 




10 mM B- 
10 mM HB 
3.7 +/- 0.9 
3.6 +/- 0.8 
6.6 +/- 1.0 
2.6 +/- 0.9 
2.5 +/- 0.8 
2.5 +/- 1.0 
0.9 +/- 0.1 
0.2 +/- 0.1 
0.2 +/- 0.1 




2.3.6 Langmuir Monolayers of the Phospholipid DPPC in the Presence of HB/B- 
To determine the interactions of HB/B- with a phospholipid interface, DPPC, compression isotherms 
of Langmuir monolayers were used. In order to differentiate between the interactions of HB from B- with 
DPPC, the aqueous subphase was prepared at pH 2.9 when studying HB and pH 7.0 when studying B-.27-28 
In the presence of B- (Figure 2.9A), the DPPC monolayer decreases the area per molecule between the 
surface pressures of 5 mN/m and 25 mN/m. Conversely, the presence of HB increases the area per 
molecule between the same surface pressures. This data suggests that B- had a condensing effect on the 
DPPC monolayer when the DPPC monolayer was in liquid phase, while HB did the opposite, showing a 




Figure 2.9. Compression isotherm surface pressure measurements of DPPC monolayers as a function of 
area per molecule (A) with the subphase consisting of either DDI H2O or 1 mM HB/B- at pH 7.0 or 2.9. The 
compression moduli (B) were calculated from the compression isotherm data using equation 2 with the 
maximum compression modulus indicated by the arrows.  
 
To determine how the presence of HB or B- can affect the compressibility of the phospholipid, the 
compression modulus of each average compression isotherm was calculated and shown in Figure 2.9B. 
The maximum compression modulus (Cs-1) was increased in the presence of B-, but HB had no effect on 
the maximum compression modulus. Generally, an increase in compression modulus is consistent with a 
decrease in compressibility (more difficult to compress).25-26 Therefore, the presence of B- causes the DPPC 
monolayer to become more difficult to compress in the solid phase (above 25 mN/m) presumably through 
charge repulsion with the phosphates of the DPPC and B-. This data suggests that despite the charge on 
B-, it still interacts with the DPPC interface even at physiological phospholipid densities (30-35 mN/m)34 
and there is a pH dependence on the interactions of HB/B- with a phospholipid interface.  
2.3.7 Comparing Interactions of HB and B- with RMs and Langmuir Monolayers 
The interactions of HB and B- with model membranes were characterized using different methods to 
evaluate the effect that the protonation state has on the interactions of HB/B- with model membrane 
interfaces. The 1H 1D NMR and 1H-1H 2D NOESY NMR studies with RMs repeatedly show a pH dependent 
placement within the RM system where B- can be positioned near the Stern layer of water and HB can be 
33 
 
positioned within the AOT aliphatic tails. The DLS experiments were able to show that the placement of 
B- and HB did not affect, or minimal effect on the RM structure. A pH dependent interaction of HB/B- was 
also shown using DPPC Langmuir monolayers further confirming that the protonation state of HB/B- is a 
deciding factor in its membrane interface interactions. 
2.3.8 Comparing HB/B- Membrane Interactions to Previous Studies 
It is known that weak aromatic carboxylic acids interact with interfaces in both the anionic and neutral 
protonation states.35 Even the doubly deprotonated dipicolinate was found to reside within the AOT 
interface instead of the RM water pool.23 This study shows that B- did not reside as deeply in the RM 
interface as anionic dipicolinate species which is likely due to differences in specific interactions with the 
AOT sulfonate headgroups.23, 36 The HB natural species was found to reside at least as deep into the AOT 
aliphatic region as the dianionic dipicolinate species and similar to benzyl alcohol.23, 36-37 Previously, HB 
and B- had been shown to interact with the interfaces of anionic and cationic micelles but the specific 
molecular detail and the difference in the preferred placement within the interface were not explored.35 
Phenols have been shown to exhibit a time dependent protonation caused by hydrogen bonding with 
the AOT.38 Similar observations were not observed with HB/B−. We hypothesize this difference originates 
in the structural difference of phenol and benzoic acid molecules. A possible result of this difference could 
be that phenolates are residing deeper into the AOT interface than benzoate. Deep penetration into the 
interface would result in an increase in the pKa value of the phenol because the protonated form would 
be the more stable form. The pKa for benzoic acid changes only a modest amount and not as dramatic as 
the change in the pKa value for phenol. The fact these compounds are impacted differently by the reverse 
micelle is consistent with a fundamentally different placement and interaction with the interface. We 
show here that HB is able to penetrate into a surfactant interface much deeper than the corresponding 
anion B−, but that both compounds penetrate the surfactant/lipid interface. 
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2.3.9 Biological Implications 
As a common preservative, it is important to investigate the interactions of HB with membranes. 
Especially considering that HB is able to preserve foods and drinks from both bacterial and eukaryotic cell 
growth. Generally, the data presented within this chapter suggests that HB is able to penetrate a 
membrane interface much more easily than B-. This is most likely due to the difference in charge between 
HB and B- which is supported by the observation that weak acid preservatives are more useful for food 
and drink preservation below their pKa values (4.2 for HB in H2O).28 Below the pKa value, the dominant 
species is HB, and therefore is able to cross penetrate the membrane of a cell. Once inside the cytoplasm 
(higher pH) the HB will deprotonate thus lowering the pH of the cytoplasm. 
When relating to the biological effects of HB on S. cerevisiae, it is important to consider the futile 
cycle.3, 9, 19 As described earlier, the futile cycle reforms HB outside of the cell.3, 9, 19This would be 
detrimental to the cell as HB is able to penetrate the membrane interface, as shown in this study. 
Therefore, there must be another method of resistance that S. cerevisiae employs to be able to cope for 
the presence of the weak acid preservative beyond excreting the weak acid conjugate base.9, 39 To our 
knowledge, there is limited information about any further mechanisms of resistance.  
 Weak acid preservatives don’t just protect food and beverages from eukaryotic species, but also 
bacterial species at low pH.40 Generally, Gram-negative bacteria have a higher resistance to weak acid 
preservatives than Gram-positive bacteria [minimum inhibitory concentration (MIC) 100 mg/mL vs 1,600 
mg/mL respectively].40  The low pH value of the food that HB/B- would allow for most of the HB/B- to be 
in the HB form. When HB approaches the membrane from the outside of the bacterial cell in an acidic 
environment, it can readily penetrate the membrane and reach the neutral cytoplasm. Deprotonation of 
HB in the higher pH environment will provide a proton which will reduce the cytoplasmic pH as is 
commonly observed for uncouplers.41-43 These considerations may explain the relative intrinsic resistance 
of Gram-negative bacteria to HB as compared to Gram-positive bacteria. The Gram-positive bacteria have 
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one membrane (Figure 2.10A), whereas the Gram-negative bacteria have two membranes (Figure 2.10B 
and 2.10C). Since HB deprotonates after passing through the first membrane, it will not be able to 
penetrate the second membrane (Figure 2.10). If the periplasmic space acidifies, then HB could diffuse 
through both membranes and reach the cytosol in the Gram-negative bacterium as illustrated in Figure 
2.10, illustrating how the Gram-negative bacteria ultimately succumb to such compounds at higher 
concentration than Gram-positive bacteria.40, 44 
 
Figure 2.10. Illustration of HB diffusing across generalized Gram-positive (A) and Gram-Negative (B, C) 
membranes. The Gram-negative membranes show a dependence on protonation state for HB/B- to be 
able to cross the second membrane when the periplasm is at higher pH (B) and at a lower pH (C). 
 
2.4 Summary and Conclusions 
We find that HB and B− have very different placements at the water membrane-like interface in two 
different model membrane systems which supports our hypothesis that HB and B- interact differently with 
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membrane interfaces. HB penetrates deeply while B− will reside at the Stern layer in an AOT 
microemulsion system. This placement is supported by the Langmuir monolayer studies where pH 
dependence for the interactions with DPPC was determined, documenting that these results can be 
extended to interfaces prepared by common membrane phospholipids. These interactions are primarily 
attributed to the differences in charge (i.e., protonation state) and result in distinct interactions with the 
surfactant itself. In summary, we show here that the protonation state of a weak aromatic carboxylic acid 
can alter its interactions with a surfactant/lipid interface and that these observations can explain the 
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3.1 Structure Leads to Function 
Small molecules (<500 Daltons) have been the cornerstone for medical treatment, supplements, and 
preservatives, with many diffusing through the cellular membrane to reach their target.1-5 One such 
example is a very successful first line anti-tuberculosis drug, isoniazid (INH, Figure 1), which has been 
shown to diffuse across the membrane of Mycobacterium tuberculosis, where INH is then able to reach 
the target, KatG.6-7 Similar to INH, the method of entry into a cell for many small molecules has been 
studied in detail,8-12 but there is a lack of information pertaining to the specific interactions of small 
molecules with the membrane interfaces. This lack of information is in large part due to the difficulty of 
determining the specific interactions of molecules with the lipids that make up the membranes, and the 
complexity of the biological membranes themselves.13-15 The specific small molecule-lipid interactions of 
a series of small aromatic compounds were studied here (Figure 3.1) to understand how small molecules 
are taken into cells, how they affect the membrane, and may elucidate aspects of the small molecule’s 
mode of action. 
 Many of these small molecules used to treat diseases such as tuberculosis, contain a pyridine as their 
main structural component.16-18 The presence and placement of nitrogen within the pyridine ring has great 
effects on these small molecules and their inter- and intramolecular interactions. For example, the amide 
group of picolinamide (PIC) is ortho to the pyridine nitrogen allowing for intramolecular hydrogen bonding 
(Figure 3.1).19-21 This increases the molecule’s hydrophobicity and allows it to penetrate a membrane 
interface deep enough to affect the packing of the phospholipid tails.21-22 This behavior is not observed 
for nicotinamide (NIC, meta) nor isonicotinamide (iNIC, para) since the amide and pyridine nitrogen are 
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not in proximity for intramolecular hydrogen bond formation.19-20 Despite this difference, Olsson et. al. 
were able to show that NIC tightly binds to plasma membrane extracts of human leukemic K-562 cells (Kd 
between 3.2 and 12.7 µM).9 Because such small differences in structure have such profound effects on 
inter- and intramolecular interactions, we hypothesize here that these molecules may interact with a 
membrane interface differently despite having similar structures as shown in Figure 3.1. To test this 
hypothesis, Langmuir monolayer and RM studies were conducted to determine the interfacial interactions 
of the small molecules in Figure 3.1 with model membrane interfaces. 
Figure 3.1. Structures of isoniazid (INH), benzhydrazide (BHZ), isonicotinamide (iNIC), benzamide (BA), 
nicotinamide (NIC), and picolinamide (PIC), with protons labeled for 1H NMR peak labeling. The protons 
in the 1H NMR spectra has Ha as the most downfield 1H NMR peak, Hb the next one, etc.  
3.2 Materials and Methods 
3.2.1 Materials 
Most materials were used without further purification. Benzamide (BA) (99%), PIC (98%), NIC (98%), 
iNIC (99%), INH (≥99%), benzhydrazide (BHZ) (98%), isooctane (2,2,4 trimethylpentane, 99.8%), methanol 
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(≥99.9%), activated charcoal (99.5%), chloroform (≥99.5%), deuterium oxide (99.9%), 2,2-dimethyl-2-
silapentane-5-sulfonate sodium salt (DSS, 97%), monosodium phosphate (≥99.0%), disodium phosphate 
(≥99.0%), sodium hydroxide (≥98%), and hydrochloric acid (37%) were all purchased from Sigma Aldrich. 
DPPC (≥99%) and DPPE (99%) were purchased from Avanti Polar Lipids. Sodium AOT (aerosol OT, bis(2-
ethylhexyl)sulfosuccinate sodium salt, ≥99.0%) was purchased from Sigma Aldrich and was purified 
further as has been reported previously to remove any acidic impurities.23 Briefly, 50.0 g AOT was 
dissolved into 150 mL of methanol to which 15 g activated charcoal was added. This suspension was stirred 
for 2 weeks. After mixing, the suspension was filtered to re move the activated charcoal. The filtrate was 
then dried under rotary evaporation at 50 °C until the water content was below 0.2 molecules of water 
per AOT as determined by 1H NMR spectroscopy. The pH was adjusted through-out this study using 
varying concentrations of NaOH or HCl dissolved/mixed in either D2O or H2O depending on experimental 
requirements. NaOH or HCl dissolved in D2O is referred to as NaOD or DCl respectively. 
3.2.2 Preparation of Langmuir Monolayers 
Phospholipid stock solutions were prepared by dissolving DPPC (0.018 g, 0.025 mmol) or DPPE (0.017 
g, 0.025 mmol) in 25 mL of 9:1 chloroform:methanol (v:v) for a final concentration of 1 mM phospholipid. 
The aqueous subphase consisted of 50 mL of 20 mM sodium phosphate buffer (pH 7.4) and varying 
concentrations of hydrazide of amide (10, 1.0, 0.10, or 0 mM hydrazide or amide). Sodium phosphate 
buffer (20 mM, pH 7.4) instead of double deionized H2O (DDI H2O) was used as the sub-phase for the 
compression isotherms for better pH control (Figure A5.1).30 Before addition of the phospholipid 
monolayers, the surface of the subphase was cleaned using vacuum aspiration and to make sure the 
surface was clean, the surface pressure of a compression isotherm of just the subphase (no phospholipid 
present) was measured (surface pressure was consistently 0.0 +/- 0.5 mN/m throughout compression). 
To prepare the phospholipid monolayer, 20 µL of phospholipid stock solution (20 nmol of phospholipid, 
112 Å2/molecule) was added to the surface of the subphase in a dropwise manner using a Hamilton 
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syringe. The film was allowed to equilibrate for 15 minutes. The resulting phospholipid monolayer was 
then used for the compression isotherm experiments. 
3.2.3 Compression Isotherm Surface Pressure Measurements of Langmuir Monolayers 
The phospholipid monolayer was compressed from 2 sides with a total speed of 10 mm/min (5 
mm/min from opposite sides) using a Kibron µTroughXS equipped with a Teflon ribbon 
(polytetrafluoroethylene, hydrophobic barrier). The temperature was maintained at 25 °C using an 
external water bath. The surface tension of the subphase during each com-pression was monitored using 
a wire probe as a Wilhemy plate. The surface pressure was calculated from the sur-face tension using 
equation 1 where π is the surface pressure, γ0 is the surface tension of water (72.8 mN/m), and γ is the 
surface tension at a given area per phospholipid after the film has been applied.  
                                                    𝜋𝜋 = 𝛾𝛾𝑜𝑜 − 𝛾𝛾     (1) 
Each compression isotherm experiment consisted of at least 3 replicates and the averages with 
standard deviations of the area per phospholipid at every 5 mN/m was calculated using Microsoft Excel. 
The worked-up data were transferred to OriginPro Version 9.1 to be graphed. From the averages of the 
compression isotherms, the percent difference from the control of each sample at 5mN/m, 30 mN/m, and 
35 mN/m were calculated. The compression moduli were calculated using OriginPro Version 9.1 from the 
compression isotherm average results using equation 2, where Cs-1 is the compression modulus, A is the 




�     (2) 
3.2.4 Preparation of RMs for Dynamic Light Scattering (DLS) 
RMs were prepared as has previously been reported.23 To prepare the 100 mM AOT stock solution, 
2.2 g of purified AOT (4.9 mmol) was dissolved into 50 mL isooctane. The 10 mM aqueous stock solutions 
of amide or hydrazide were prepared by dissolving 50 µmol of amide or hydrazide into 5 mL DDI H2O and 
then the pH was adjusted to pH 7.0. To prepare the RM solutions, specific volumes of the AOT stock 
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solution and aqueous solution were added for a total of 5 mL to form RM sizes of w0 8, 12, 16, and 20 
where w0 = [H2O]/[AOT]. Upon mixing the AOT stock solution with aqueous solution, a white aggregate 
formed at the water-isooctane interface. Then the mixture was vortexed until clear (~30 s), consistent 
with the formation of RMs.23 
3.2.5 Parameters for DLS Analysis 
Once the glass cuvettes (1 cm x 1 cm) had been washed with isooctane and RM sample (3 times each), 
the cuvettes were filled with 1 ml of sample, and analyzed using a Zetasizer nano-ZS. The wavelength of 
light used was 632.8 nm and scattering was obtained at an angle of 173°. Each sample was equilibrated 
for 700 s at 25 °C then run for 10 scans per acquisition for 15 acquisitions. Each sample was run in 
triplicate, and the hydrodynamic radii (Rh) and polydispersity index (PDI) were averaged with the standard 
deviations reported in Table S1. 
3.2.6 Preparation of Aqueous solutions for RM studies 
The aqueous solutions for the compounds of interest shown in Figure 3.1 were prepared in a similar 
manner as with HB in chapter one except for nicotinamide which the concentration was doubled to 20 
mM for the stock solution (50 mmol). 
3.2.7 Preparation of RMs and 1H 1D NMR Spectroscopy 
The RMs were prepared and 1H NMR spectra were acquired in a similar manner as in chapter one 
except titrations were only conducted within the w0 16 RMs for each of the molecules in Figure 3.1. The 
resulting spectra were processed in a similar manner as in chapter one. 
3.2.8 Preparation of RMs for 1H-1H 2D NOESY and ROESY NMR Spectroscopy 
The 750 mM AOT stock solution was prepared by dis-solving 0.34 g AOT (0.76 mmol) in 1 mL of 
isooctane. To form the RM (w0 12), 839 µL of AOT stock solution was added to 161 µL of D2O and vortexed 
until clear. This suspension was then mixed with 32 µmol of amide or hydrazide for an average 
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concentration of 200 mM amide or hydrazide within the RM water pool (32.2 mM overall). The mixture 
was vortexed until the solid dissolved into the RM microemulsion. 
3.2.9 Parameters for Recording 1H-1H 2D NOESY and ROESY NMR Spectra 
The 1H-1H 2D NOESY and ROESY experiments were con-ducted using a 400 MHz Varian NMR at 26 °C 
with 16 scans per transient and 256 transient pairs in the f1 dimension. The 1H-1H 2D NOESY spectrum 
was acquired using a standard pulse sequence with a mixing time of 200 ms and a 1.5 s relaxation delay. 
The 1H-1H 2D ROESY spectra were acquired using a standard pulse sequence with a 200, 100, or 0 ms 
mixing time and a 1.5 s relaxation delay. The resulting spectra were analyzed using MestReNova Version 
10.0.1 by subjecting the spectra to a 90° sine2 weighting function with a first point at 0.50. The spectra 
were then phased and baselined using a third order Bernstein polynomial baseline. Each spectrum was 
referenced to the isooctane methyl peak at 0.904 ppm in both dimensions.23 
3.3 Results and Discussion 
3.3.1 Interactions of Aromatic Hydrazides with Langmuir Monolayers 
Surface pressure compression isotherms of DPPC and DPPE were measured to model phospholipids 
commonly found in eukaryotic and bacterial membranes.24-27 The minor structural difference in the lipid 
headgroup results in significant differences in the properties of the resulting lipid monolayer. DPPE has a 
conical shape and packs much more tightly compared to DPPC which has a cylindrical shape. This is 
thought to be due to the hydrogen bonding capability of DPPE (ethanolamine head group) that DPPC 
(choline headgroup) is lacking.28-29 For these reasons, both DPPC and DPPE zwitterionic phospholipids 
were used to form Langmuir monolayers to study the interactions of small molecules with phospholipid 
interfaces. 
Surface pressure compression isotherms of DPPC or DPPE were initially conducted in the presence of 
INH or BHZ hydrazides (Figure 3.2 A-D). The area per phospholipid of the DPPC monolayer in the presence 
of 10 mM INH increased, until 20-25 mN/m. The area per phospholipid of the DPPE monolayer in the 
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presence of all concentrations of INH tested increased until 25-30 mN/m. In the presence of 10 mM BHZ, 
the area per phospholipid of the DPPC monolayer increased until 15-20 mN/m and the area per 
phospholipid of the DPPE monolayer was unaffected. Briefly, INH affected the area per phospholipid of 
both monolayers but at all concentrations only for the DPPE monolayer, while BHZ only affected the area 
per phospholipid of the DPPC monolayer. 
 
Figure 3.2. Compression isotherms of DPPC (left column) or DPPE (right column) in the presence of INH (A 
and B) or BHZ (C and D). The solid black curves correspond to the control films without any hydrazide 
present. The other curves correspond to 10 mM hydrazide (red dashed line), 1 mM (blue dotted line), and 
0.1 mM (green dashed and dotted line) present in the 20 mM sodium phosphate buffered subphase (pH 
7.4). Each curve is an average of at least 3 trials with standard deviations. The R group for each 




To determine if the compressibility of the monolayers was affected, the compression modulus was 
calculated from the average compression isotherms (Figure 3.3 A-D). In the presence of 10 mM INH, the 
compression modulus of the DPPC monolayer decreased and all concentrations of INH tested, caused a 
decrease in the compression modulus of the DPPE monolayer. The presence of 10 mM BHZ decreased the 
compression modulus of the DPPC mono-layer and increased the compression modulus in the presence 
of 1 mM BHZ. All concentrations tested of BHZ present increased the compression modulus of the DPPE 
monolayer. In summary, INH decreased the compression modulus of both DPPC and DPPE monolayers, 
but only the DPPE monolayer was affected at all concentrations tested. BHZ decreased the compression 
modulus of the DPPC monolayer and with 1 mM BHZ present; the compression modulus of the DPPE 
monolayer increased.  
  
48 
Figure 3.3. Compression moduli of DPPC (left column) or DPPE (right column) in the presence of INH (A 
and B) or BHZ (C and D). The solid black curves correspond to the control films without any hydrazide 
present. The other lines correspond to 10 mM hydrazide (red dashed line), 1 mM (blue dotted line), and 
0.1 mM (green dashed and dotted line) present in the sodium phosphate buffered subphase (pH 7.4). 
Each curve is an average of at least 3 trials. 
Generally, an increase in area per phospholipid of a monolayer indicates an uptake of the small 
molecule causing the monolayer to spread, and a decrease in area per phospholipid indicates either 
solubilization of lipid or a reorganization to allow for tighter packing of the phospholipid monolayer. A 
decrease in compression modulus has been commonly interpreted as an increase in compressibility and 
vice versa.30-31 INH did increase the area per phospholipid of both the DPPC and DPPE monolayers 
indicating an uptake into the phospholipid monolayers, but did so at lower concentrations present for 
DPPE. A similar trend was observed with the decrease of compression moduli in the presence of INH. This 
suggests that INH has a higher affinity for DPPE than DPPC, indicating that INH would interact more 
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favorably with the ethanolamine than the choline head group. This is presumably due to hydrogen 
bonding with the ethanolamine head group which would disrupt the intermolecular hydrogen bonding 
between individual DPPE molecules of the DPPE monolayer.28-29 BHZ affected the area per phospholipid 
of only the DPPC monolayer at 10 mM and decreased the compression modulus suggesting that at high 
concentration, BHZ is taken into and allows for easier compression of the DPPC monolayer. At 1 mM for 
DPPC and all concentrations tested for DPPE; BHZ does not affect the area per phospholipid but increases 
the compression modulus showing that the BHZ did not spread the phospholipids, but did cause the 
monolayer to be more difficult to compress than the control monolayers. This suggests that BHZ is 
reorganizing the phospholipid tails, but more information would be needed for confirmation. In summary, 
INH was shown to prefer the ethanolamine head group and allowed for easier compression than the 
control phospholipid monolayers, while BHZ allowed for easier compression and spread the DPPC 
monolayer when 10 mM was present in the subphase, but otherwise caused the phospholipid monolayers 
to be less compressible without affecting the area per phospholipid. 
3.3.2 Interactions of Aromatic Amides with Langmuir Monolayers 
To determine if the amides in Figure 3.1 interact with phospholipid interfaces differently, the surface 
pressure compression isotherms of DPPC and DPPE were conducted in the presence of BA, PIC, NIC, and 




Figure 3.4. The resulting surface pressure compression isotherms of DPPC (left column) and DPPE (right 
column) in the presence of BA (A and B), PIC, (C and D), NIC (E and F), iNIC (G and H) at concentrations of 
0 mM (black solid line), 0.1 mM (green dashed and dotted line), 1.0 mM (blue dotted line), and 10 mM 
(red dashed line) in the 20 mM sodium phosphate buffered subphase (pH 7.4). Each curve is an average 
of at least 3 trials with standard deviations. The R group for each phospholipid includes the phosphate, 




Figure 3.5. The resulting compression moduli of DPPC (left column) and DPPE (right column) in the 
presence of BA (A and B), PIC, (C and D), NIC (E and F), iNIC (G and H) at concentrations of 0 mM (black 
solid line), 0.1 mM (green dashed and dotted line), 1.0 mM (blue dotted line), and 10 mM (red dashed 




First, the compression isotherm experiments using BA were conducted as a nitrogen deficient 
comparison. The presence of 10 mM BA, the DPPC monolayer exhibited an increase in pressure below 15-
20 mN/m and then above 15-20 mN/m, exhibited a slight decrease in area per phospholipid. The DPPE 
monolayer increased in area per phospholipid until 15-20 mN/m. The compression modulus of the DPPC 
monolayer decreased in the presence of 10 mM and 0.1 mM BA and increased when 1.0 mM was present. 
Concentrations of 10 mM and 0.1 mM BA also decreased the compression modulus of the DPPE 
monolayer. This data suggests that BA can spread the phospholipids of both DPPC and DPPE until higher 
pressures, but it can still affect the compressibility of the phospholipid monolayers showing that BA still 
does interact with the monolayer at higher pressures.  
In the presence of 10 mM PIC, the DPPC and DPPE monolayers exhibited an increase in area per 
phospholipid as compared to the control monolayers until 35-40 mN/m. Also, depending on the 
concentration of PIC within the subphase, the compression modulus either decreased for DPPC (10 mM), 
increased (1 mM), or no effect was observed (0.1 mM). The DPPE monolayer compression modulus was 
increased only by the presence of the 0.10 mM PIC. The increase in area per phospholipid of DPPC and 
DPPE in the presence of PIC suggests that PIC is spreading the lipids; but depending on the concentrations 
of PIC, the compressibility of the phospholipid monolayers is affected. The dependence of the 
compressibility on the concentration may be due to counter-acting effects where a large amount of PIC 
(10 mM) increases compressibility solely because PIC exists in excess within the monolayer, so it is 
compressed out of the monolayer. At lower concentrations (1 mM for DPPC and 0.10 mM for DPPE), PIC 
caused the monolayers to be-come more rigid and less compressible. Briefly, PIC did increase the area per 
phospholipid of both phospholipid monolayers, and had varying effects on the compression moduli of the 
phospholipid monolayers.  
 The DPPC and DPPE monolayers in the presence of NIC both exhibited an increase in area per 
phospholipid. All concentrations of NIC tested increased the area per phospholipid of DPPC above 10 
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mN/m. The DPPE monolayer was affected in a concentration dependent manner where 10 mM NIC 
increased the area per molecule the most. The presence of 10 mM NIC caused an increase in area per 
phospholipid of DPPE across at all surface pressures below collapse (55 mN/m). There was not much of 
an effect of NIC on the compression modulus on the DPPC monolayer; however, there was a decrease in 
the compression modulus for the DPPE monolayer at all concentrations of NIC tested.  The presence of 
NIC caused a spreading of both phospholipid monolayers but only affected the compressibility of the DPPE 
monolayer allowing it to become more compressible than the control monolayer.  
Unlike the other molecules tested, iNIC had no effect on either the DPPC nor the DPPE monolayer 
area per phospholipid. The presence of 10 and 1.0 mM iNIC did however decrease the compression 
modulus of the DPPE monolayer but did not have much of an effect on the compressibility of the DPPC 
monolayer. This suggests that iNIC has a higher affinity for DPPE than DPPC and allows the DPPE 
monolayer to be more easily compressed without spreading the phospholipids.  
By comparing the interactions of all the molecules of interest with DPPC and DPPE monolayers, it is 
clear that not all of the small aromatic compounds interact with the phospholipid monolayers in the same 
manner (Table 3.1). Out of the six compounds tested, INH and iNIC exhibited more of an effect on the 
DPPE mono-layer than the DPPC monolayer suggesting a preference for the ethanolamine head group 
more so than the choline head group. This is most likely due to the ethanolamine’s greater hydrogen 
bonding capacity than choline, allowing for intermolecular interaction. When comparing PIC, NIC, and the 
iNIC, the data is consistent with PIC and NIC affecting the phospholipid monolayers similarly, but iNIC had 
the least effect on the phospholipid monolayers. As shown in Table 1, NIC and PIC were the only 
compounds to significantly increase the area per phospholipid of the DPPC and DPPE monolayers at 
physiologically relevant surface pressures (30-35 mN/m),32 whereas iNIC did not have much of an effect 
on the area per phospholipid. Of all the compounds, BA was the only molecule to cause a decrease in area 
per phospholipid for DPPC at higher surface pressures (above 15-20 mN/m, Table 1) suggesting that BA 
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was the only compound tested that either reorganized DPPC to condense further or assist in the solvation 
of the DPPC. Interestingly, BHZ did not have the same effect as BA, but still interacted with the 
phospholipid monolayers causing the phospholipids to spread. In summary, INH and iNIC both exhibited 
a preference for DPPE over DPPC, PIC and NIC affect the phospholipid monolayers similarly even at high 
pressures, BA reorganizes the DPPC monolayer or helps solubilize the DPPC, and BHZ does interact with 
both monolayers causing spreading of the phospholipids. 
Table 3.1. Percent Difference of Monolayer Surface Area in the Presence of Small Aromatic Compounds.a 
aSurface pressures were chosen based on initial curve (5 mN/m) and physiological relevance (30-35 
mN/m).32 Significance of the percent difference was determined using a Student’s T test with *p < 0.10 
and **p <0.05. 
Compound Surface Pressure 
(mN/m) 
DPPC DPPE 
% Difference from 
Control 

























































3.3.3 Placement of Small Aromatic Hydrazides and Amides Within the AOT RM 
Molecular information on the specific interaction and placement of the compounds with respect to a 
membrane interface was sought using AOT RMs and NMR spectroscopy.23, 33-37 To this end, the 1H NMR 
spectrum of each small aromatic compound was acquired in D2O and varying sizes of RM. By varying the 
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sizes of the RM (w0), small changes in the RM microenvironment occur. Comparing the chemical shifts of 
the N-containing compounds caused by varying environmental differences, it is possible to place the 
compounds within the RM.23, 33-37 The following paragraphs describe the chemical shifting and our 
placement of compounds as a result of the observed chemical shifting patterns. 
 
Figure 3.6. 1H 1D NMR spectra obtained using a 400 MHz Varian NMR of INH, iNIC, BHZ, BA, NIC, and PIC 
in D2O and varying sizes of RMs (w0) given on the left of each stack of spectra. See Figure 3.1 for labeled 
structures corresponding to peak labels. 
 
The 1H NMR spectra of INH and iNIC are presented as stack plots of 1H NMR spectra in D2O at the 
bottom and the RM microemulsions with the smallest RMs as the top spectrum (w0 8). In the INH spectra, 
the Ha doublet peak shifts slightly downfield from the D2O spectrum at 8.67 to 8.71 ppm in the w0 20 
spectrum and then gradually shifts upfield to 8.70 ppm in w0 8 spectrum. The doublet Hb peak for INH 
shifted gradually downfield from 7.69 ppm in D2O to 7.80 ppm in the w0 8 spectrum. A similar shifting 
pattern was observed with iNIC. The peak corresponding to the doublet Ha for iNIC barely shifts from 8.70 
ppm in D2O to 8.74 ppm in the w0 20 spectrum and then a slight upfield shift to the w0 8 spectrum at 8.72 
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ppm. The doublet peak corresponding to Hb shifts gradually downfield from 7.76 ppm in the D2O spectrum 
to 7.86 ppm in the w0 8 spectrum. The downfield shifting of both Ha and Hb peaks of INH and iNIC from 
the D2O spectrum to the w0 20 spectrum is consistent with a more charged (deshielded) environment such 
as near the sulfonates of the AOT.38 The upfield shifting pattern of Ha of both compounds is consistent 
with the reduction of a charged environment as the RM sizes are reduced suggesting that Ha is more 
toward the hydrophobic region than Hb.38 Together this data suggests that both INH and iNIC reside near 
the AOT headgroups with the pyridine nitrogen facing toward the AOT tails and the amide/hydrazide 
toward the water pool similar to benzoate and phenyl biguanide.23, 37 
Next, the interactions of the benzene based hydrazide and amide, BHZ and BA, with the AOT RM 
interface are described by 1H NMR. The doublet corresponding to Ha for BHZ shifted from 7.74 ppm in the 
D2O spectrum to 7.94 ppm gradually as the RM sizes were reduced to the w0 8 spectrum. The triplets 
corresponding to Hb and Hc for BHZ are at 7.62 ppm and 7.52 ppm respectively in the D2O spectrum and 
then coalesce in the RM spectra while gradually shifting upfield to 7.38 ppm in the w0 8 spectrum. The 
peak corresponding to Ha for BA shifts from 7.83 ppm in D2O gradually to 7.99 ppm in the w0 8 spectrum. 
The peaks corresponding to Hb and Hc of BA in the D2O spectrum are at 7.64 ppm and 7.53 ppm 
respectively and then coalesce in the RM spectra and gradually shift upfield until 7.40 ppm in the w0 8 
spectrum. The down-field shifting pattern of Ha of both BHZ and BA from D2O spectrum to the w0 8 
spectrum is consistent with the RM interface. The upfield shifting pattern of Hb and Hc of both BHZ and 
BA is consistent with a deep placement within the RM interface toward the AOT tails. Using this data, it is 
possible to place BHZ and BA within the water-AOT interface with the benzene ring of both compounds 
placed a little more toward the AOT tails than INH and iNIC, and with the amide/hydrazide toward the 
water pool.  This is similar to, but not quite as deep within the interface as what has been previously found 
for benzoic acid.23 
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The position and orientation of NIC within the RM was explored by itself unlike the previous 
compounds. The doublet corresponding to Ha for NIC shifted gradually downfield from 8.94 ppm in the 
D2O spectrum to 9.10 ppm in the w0 8 spectrum. The Hb doublet shifts from 8.72 ppm in the D2O spectrum 
to 8.74 ppm in the w0 20 spectrum, and then shifts upfield to 8.71 ppm in the w0 8 spectrum. The Hc 
doublet shifts from 8.27 ppm in the D2O spectrum gradually to 8.34 ppm in the w0 8 spectrum, and the Hd 
peak is the only peak for NIC to gradually shift up-field from 7.62 ppm in the D2O spectrum to 7.52 ppm 
in the w0 8 spectrum. The downfield shifting for the Hd and Ha peaks for NIC are consistent with placement 
toward the water-AOT interface. The Hc peak initially shifted downfield and then slightly upfield 
suggesting a placement near the water-AOT interface but more toward the AOT tails than Hd and Ha. The 
Hb peak was the only peak that consistently shifted upfield suggesting the deepest placement (toward 
AOT tails) of all the NIC protons. This data is consistent with NIC residing near the water-AOT interface 
with NIC tilted at the interface. This position would have Ha pointing toward the water pool and the amide 
tilted more toward the AOT headgroups. A similar finding was determined for the ortho-fluorobenzoate 
anion at the micellar interface.38 
Finally, the placement and orientation of PIC within the RM samples was determined. The Ha doublet 
for PIC shifts slightly upfield from the 8.63 ppm in the D2O spectrum to 8.60 ppm in the w0 8 spectrum. 
The peaks corresponding to Hb and Hc are overlapping in the D2O spectrum but then separate within the 
RM samples with Hb shifting downfield gradually from 8.04 ppm in the D2O spectrum to 8.24 ppm in the 
w0 8 spectrum and Hc gradually shifts upfield from 8.02 ppm in the D2O spectrum to 7.98 ppm in in the w0 
8 spectrum. The Hd peak for PIC gradually shifts upfield from 7.64 ppm in the D2O spectrum to 7.45 ppm 
in the w0 8 spectrum. The upfield shifting pattern of Ha, Hc, and Hd peaks is consistent with the protons 
being placed toward the AOT tails. The downfield shifting pattern of Hb is consistent with it being placed 
more toward the AOT interface. This data is consistent with PIC residing near the AOT headgroups, with 
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only Hb being near the AOT head-groups and the other protons toward the AOT tails causing a tilt of the 
molecule within the interface. 
In summary, this data shows that these N-containing molecules interact differently with the AOT RM, 
but reside at similar positions within the water-AOT interface. INH and iNIC were shown to reside within 
the AOT interface with the pyridine nitrogen facing toward the AOT tails and the hydrazide/amide toward 
the AOT head groups. BHZ and BA were shown to reside deeper toward the AOT tails than INH or iNIC but 
with the same orientation. PIC was shown to reside at the AOT interface as INH and iNIC, but slightly tilted 
at the interface with the nitrogen of the pyridine and the amide facing toward the AOT head group and 
water pool. NIC was also shown to be tilted with the proton between the amide and pyridine nitrogen 
facing the water pool. Generally, each molecule resided in similar positions, but the pyridine nitrogen to 
amide orientation did affected the overall molecular orientation at the water-AOT RM interface. This 
finding is similar to what has been shown for fluorobenzoate derivatives with micelles.38 
3.3.4 1H-1H NMR of Hydrazides and Amides Within the AOT RM Interface 
More information was sought to confirm the placement and orientation based on 1H 1D NMR 
experiments, there-fore through space 1H-1H 2D NOESY and ROESY experiments were conducted.23, 34-36 
Both 1H-1H 2D NOESY and ROESY spectra with a 200 ms mixing time and higher concentration of BA was 
acquired to explore which experiment would provide the best signal to noise ratio. With the ROESY data 
producing a better signal to noise ratio than the NOESY for these samples, other ROESY spectra were 
sought using 100 or 0 ms mixing times.  The 0 ms mixing time serves as a negative control to confirm no 
magnetization transfer was observed between magnetically different protons.   
A portion of the 1H-1H 2D ROESY NMR spectra for INH within w0 12 RMs are shown in Figure 3.7. The 
spectra of INH within the w0 12 RM microemulsion show a diagonal with two, negative, blue peaks 
corresponding to the Ha and Hb peaks of INH at 7.71 ppm and 7.77 ppm respectively. The positive, red, off 
diagonal cross peaks corresponding to Ha and Hb are observed in the spectra of 200 and 100 ms mixing 
59 
 
time whereas no cross peaks were observed in the 0 ms mixing time spectrum as would be expected. In 
the 200 ms mixing time spectrum for INH, an off diagonal cross peak corresponding to Hb on INH and the 
methyl peak of either AOT or isooctane at 0.90 ppm on the f2 axis. In the 100 ms mixing time spectrum, 
off diagonal cross peaks for both Ha and Hb at 0.90 ppm on the f2 axis were observed and correspond to 
the AOT or isooctane methyl peak. Considering that the previous 1H 1D NMR experiments have shown 
that INH and iNIC reside within the water-AOT interface, INH is most likely residing near the AOT ethyl CH3 
protons with the CH3 protons tilted toward the interface (see Figure A3.1 for AOT assignments).  
 
Figure 3.7. 1H-1H 2D ROESY NMR spectra acquired using a 400 MHz Inova NMR of INH using 200 ms (A), 
100 ms (B), and 0 ms (C) mixing time and a relaxation delay of 1.5 s. The diagonal is indicated by the 
diagonal line. The lines also highlight any off diagonal cross peaks. Peaks are labeled according to Figure 
3.1 and Figure A3.1. 
 
The 1H-1H 2D ROESY NMR spectra of the w0 12 RM microemulsion with iNIC also indicated an 
interaction with the AOT interface similar to INH. Along the diagonal shown in Figure 3.8, two, negative, 
blue peaks corresponding to iNIC protons Ha and Hb at 8.70 ppm and 7.80 ppm respectively. Positive, red, 
off diagonal cross peaks between Ha and Hb in the 200 and 100 ms mixing time spectra are observed. 
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Finally, no cross peaks were observed in the 0 ms mixing time spectrum. In the 200 ms mixing time 
spectrum, positive, red, off diagonal cross peaks with Ha and Hb of iNIC are observed at 1.30 ppm and 0.90 
ppm on the f2 axis corresponding to the AOT CH2 and an isooctane or AOT CH3 peak, respectively. These 
peaks were not observed in either the 100 ms nor 0 ms mixing time spectra. Due to iNIC’s insolubility in 
isooctane and its similar placement determined by the 1H 1D NMR studies, these results support the 
interpretation that iNIC interacts within the RM water-AOT resides at the interface near the sulfonate 





Figure 3.8. 1H-1H 2D ROESY NMR spectra acquired using a 400 MHz Inova NMR of iNIC using 200 ms (A), 
100 ms (B), and 0 ms (C) mixing time and a relaxation delay of 1.5 s. The diagonal is indicated by the 
diagonal line. The lines also highlight any off diagonal cross peaks. Peaks are labeled according to Figure 
3.1 and Figure A3.1. 
 
The 1H-1H 2D ROESY spectra of RMs containing BHZ and BA (Figure 3.9) were very similar. In the 
following these compounds will be discussed concurrently. As can be seen on the diagonal of the spectra 
of BHZ, there are two negative, blue peaks at 7.97 ppm and 7.43 ppm corresponding to Ha and Hb/Hc 
respectively. Within the 200 and 100 ms mixing time spectra, positive, red, off diagonal cross peaks are 
observed between the Ha and Hb/Hc peaks whereas no cross peaks are observed for the 0 ms mixing time 
spectrum. In the 200 ms mixing time spectrum positive, red, off diagonal cross peaks at 1.30 ppm and 0.90 
ppm on the f1 axis corresponding to the AOT CH2 peak, the AOT CH3, or isooctane CH3 peak and Ha and 
Hb/Hc can be observed.  In the spectrum using 100 ms mixing time the same off diagonal peaks are 
observed except for the off diagonal cross peak at 1.30 ppm on the f1 axis and 7.97 ppm on the f2 axis 
corresponding to the AOT CH2 and the Ha protons respectively. These cross peaks were also observed for 
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BA where the only differences in the spectra were from the placement of the BA negative, blue peaks on 
the diagonal at 7.92 ppm for Ha and 7.39 ppm for Hb/Hc. This data suggests that BHZ and BA are both 
positioned nearby the AOT ethyl with the hydrazide/amide facing the water pool consistent with the 1H 







Figure 3.9. 1H-1H 2D ROESY NMR spectra acquired using a 400 MHz Inova NMR of BHZ (A) or BA (B) using 
200 ms (1), 100 ms (2), and 0 ms (3) mixing time and a relaxation delay of 1.5 s. The diagonal is indicated 
by the diagonal line. The lines also highlight any off diagonal cross peaks. Peaks are labeled according to 
Figure 3.1 and Figure A3.1. 
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The 1H-1H 2D ROESY spectra of PIC, within RMs were acquired to confirm placement and orientation 
within the RM water-AOT interface. Figure 3.10 shows the 1H-1H 2D ROESY NMR spectra of PIC within w0 
12 RM microemulsion acquired using 200, 100, and 0 ms mixing times. Observed in each of these spectra 
are negative, blue peaks along the diagonal corresponding to Ha (8.60 ppm), Hb (8.19 ppm), Hc (7.99 ppm), 
and Hd (7.47 ppm). In the spectra acquired using 200 and 100 ms mixing times, there are positive, red, off 
diagonal cross peaks between the peaks corresponding to the PIC peaks whereas no off diagonal cross 
peaks are observed in the spectrum acquired using a 0 ms mixing time. In the 200 ms mixing time 
spectrum, positive, red, off diagonal cross peaks at 0.90 in the f1 dimension corresponding to all the PIC 
peaks observed. The same positive, red, off diagonal cross peaks are observed using 100 ms mixing time 
with the exception of the off diagonal cross peak at 0.90 ppm in the f1 dimension and 7.99 ppm in the f2 
dimension corresponding to Hc of PIC. This confirms that PIC resides within the AOT interface and does 






Figure 3.10. 1H-1H 2D ROESY NMR spectra acquired using a 400 MHz Inova NMR of PIC using 200 ms (A), 
100 ms (B), and 0 ms (C) mixing time and a relaxation delay of 1.5 s. The diagonal is indicated by the 
diagonal line. The lines also highlight any off diagonal cross peaks. Peaks are labeled according to Figure 
3.1 and Figure A3.1. 
 
The placement and orientation within RMs of NIC was explored using 1H-1H 2D ROESY NMR in the w0 
12 RM spectra shown in Figure 3.11. The peaks on the diagonal are negative, blue peaks corresponding to 
Ha (9.02 ppm), Hb (8.68 ppm), Hc (8.29 ppm), and Hd (7.50 ppm).  Positive, red, off diagonal cross peaks 
between the NIC aromatic protons can be observed in the spectra acquired using 200 ms and 100 ms 
mixing times but not for the 0 ms mixing time spectrum. Positive, red, off diagonal cross peaks 
corresponding to AOT peaks can be observed at 0.90 ppm in the f1 dimension and at 9.02 ppm, 8.68 ppm, 
8.29 ppm, and 7.50 ppm in the f2 dimension. These peaks suggest that all the aromatic protons of NIC 
reside near a methyl. Three other positive, red, off diagonal cross peaks can be observed at 1.30 ppm in 
the f1 dimension and at 8.68 ppm, 8.29 ppm, and 7.50 ppm in the f2 dimension corresponding to the CH2 
AOT peak and Hb, Hc, and Hd. This data is consistent with NIC residing at the same position within the RM 
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interface as the other probe molecules but Ha is not in proximity to the CH2 of the AOT ethyl. By rotating 
the C-C bonds of the ethyl of AOT, the CH3 of the ethyl can reach further than the CH2 suggesting that Ha 
is in a position away from the CH2. This would suggest a tilt in the NIC at the water-AOT interface 
supporting the interpretation of the 1H 1D NMR spectra. 
 
Figure 3.11. 1H-1H 2D ROESY NMR spectra acquired using a 400 MHz Inova NMR of NIC using 200 ms (A), 
100 ms (B), and 0 ms (C) mixing time and a relaxation delay of 1.5 s. The diagonal is indicated by the 
diagonal line. The lines also highlight any off diagonal cross peaks. Peaks are labeled according to Figure 
3.1 and Figure A3.1. 
 
In summary, the 1H-1H 2D ROESY NMR spectra of w0 12 RMs containing the compounds of interest did 
support the results from the 1H 1D NMR spectra. The placement of each of these molecules using data 
from both the 1D and 2D NMR experiments is illustrated in Figure 3.12. First of which, INH and iNIC both 
can be positioned near the AOT ethyl. Since iNIC exhibited interactions with the CH2 of the ethyl of AOT, 
iNIC is placed slightly deeper toward the tails of the AOT than INH. BHZ and BA both can be placed at the 
same position and slightly deeper than iNIC. The 2D NMR of PIC confirmed that it does reside within the 
inter-face of the water pool and AOT while the 1D NMR suggested a tilt at the water-AOT interface. Briefly, 
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all the molecules resided near the water-AOT interface however, PIC and NIC exhibited a tilted orientation 
within the interface (see Figure 3.12). 
 
Figure 3.12. Pictorial representation of the placement of INH, iNIC, BHZ, BA, PIC, and NIC within the RM 
as determined through 1D and 2D 1H NMR studies. It is important to note that this system is highly 
dynamic and therefore these are average positions/orientation within the AOT interface based on the 1D 
and 2D NMR data presented in this study. 
 
3.3.5 pKa Measurement of the Hydrazides and Amides Within the AOT RM 
To explore how the AOT interface affects the small aromatic molecules, the pKa values of the small 
aromatic molecules were determined. The pH within the RM water pool is not just simply the –log[H+] as 
is normally used in the United States to calculate pKa in aqueous solutions.39 The pH value within the RM 
water pool is much more complicated. Depending on the charge of the head group surfactant used to 
form the RM microemulsion, a proton gradient can form.40-41 The AOT RMs used in this study have a 
negative charge and therefore can cause an increase in proton concentration at the interface.42 The pKa 
of molecules have also been known to change within varying environments, such as the difference in pKa 
values of a specific amino acid depends on whether or not it is in the center or on surface of a protein, 




The pKa values of the aromatic small aromatic molecules in D2O and in w0 16 RMs are shown and 
compared to literature and calculated values in Table 3.2 The pKa for BA was not determined in this study, 
because of BA’s low pKa value. The pKa of each of the probe molecules in D2O are all very similar to both 
the predicted pKa values and the experimentally determined pKa values.44 The small differences between 
the pKa values found in this study and the experimental studies in aqueous solutions is most likely caused 
by differences in ionic strength, temperature, and differences caused by H2O (reported pKa values) or D2O 
(this study). Within the RMs, the pKa of each molecule lowered beyond measurement. This would support 
an interaction with the AOT itself or an effect of the high ionic strength of the interface.23, 42, 45-47 Either 
possibility supports that the molecules reside within the RM interface. 
Table 3.2. pKa Values of the Hydrazides and Amides of Interest in Aqueous and RM Solutions.a aThe table 
above outlines the pKa values determined using the method outlined in Appendix IV. The pKa of the amine 
protons for INH and BZH are given by*. The predicted pKa values are from http://www.chemicalize.org. 
The reported pKa values are from Maitra.48 
Compound Predicted pKa Reported pKa44 pKa in D2O pKa in wo 16 RM 
INH 3.4, 2.4* 3.5, 1.9* 3.3 <1 
BHZ 2.8* 3.0* 2.8* <1 
BA -0.4 N.A. N.A. N.A. 
PIC 2.2 2.1 2.4 <1 
NIC 3.6 3.3 3.7 <1 
iNIC 3.5 3.6 3.9 <1 
 
3.3.6 DLS of RMs Containing Aromatic Hydrazides and Amides 
DLS was used to determine that RMs formed. In addition to confirming that the RMs form, we also 
demonstrated that the sizes of the systems measured were consistent with that reported in the literature 
(Table 3.3).48 Furthermore, the measurements were done to investigate whether the addition of the 
compound alter the overall structure of the RMs studied. As shown in Table 3.3 no differences in sizes of 




Table 3.3. Size Parameters for RMs of Varying w0 Values.a aThe table outlines the content of the RM, the 
observed hydrodynamic radius (Rh), polydispersity index (PDI), the reported water pool radius (Rw), 
aggregation number (number of AOT per RM on average, ηagg), and the average number of probe 
molecules per RM. Literature values are from Maitra et al.44 












4.0 +/- 0.8 
4.7 +/- 0.4 
4.6 +/- 0.3 
4.5 +/- 0.8 
4.5 +/- 0.2 
4.3 +/- 0.3 
4.5 +/- 0.5 
0.4 +/- 0.2 
0.1 +/- 0.1 
0.2 +/- 0.1 
0.2 +/- 0.1 
0.2 +/- 0.1 
0.3 +/- 0.1 
0.4 +/- 0.2 














3.9 +/- 0.3 
4.4 +/- 0.3 
5 +/- 1 
4.3 +/-0.2  
4.1 +/- 0.3 
4.0 +/- 0.2 
4.0 +/- 0.3 
0.3 +/- 0.1 
0.1 +/- 0.1 
0.2 +/- 0.1 
0.2 +/- 0.1 
0.2 +/- 0.1 
0.2 +/- 0.1 
0.3 +/- 0.1 














3.8 +/- 0.2 
3.9 +/- 0.2 
3.7 +/- 0.1 
3.4 +/- 0.3 
3.8 +/- 0.1 
3.8 +/- 0.1 
3.5 +/- 0.3 
0.2 +/- 0.1 
0.1 +/- 0.1 
0.2 +/- 0.1 
0.4 +/- 0.2 
0.2 +/- 0.1 
0.2 +/- 0.1 
0.3 +/- 0.1 














3.2 +/- 0.3 
3.4 +/- 0.2 
4.3 +/- 0.6 
3.3 +/- 0.3 
3.4 +/- 0.2 
3.7 +/- 1.6 
3.3 +/- 0.2 
0.3 +/- 0.1 
0.2 +/- 0.1 
0.2 +/- 0.1 
0.3 +/- 0.1 
0.2 +/- 0.1 
0.3 +/- 0.1 
0.2 +/- 0.1 








3.3.7 Evaluation of Findings of Langmuir Monolayer Studies and AOT RM Studies 
Studies in model systems are done to obtain information that may not be accessible in studies of the 
biological membranes. The two model systems used in the studies here both have advantages and 
limitations.  Regardless, it is important to note that there are substantial differences between the AOT 
interface and a phospholipid interface. The differences in structure, curvature, surfactant/lipid density, 
and head group charge (negative vs. zwitterionic respectively), may impact the interactions of the 
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molecules under investigation with regard to their interaction with interfaces.14, 33, 45-46 Although these 
differences exist, there are similarities between how the molecules of interest interact with the AOT 
interface and the phospholipid interface. By comparing the findings of the RM experiments with 
phospholipid Langmuir monolayer experiments, the combination can shed light on crucial differences 
behind the interactions of molecules with the surfactant or lipid interfaces.23, 36  
Interestingly, all the molecules studied here were found to reside near the head group of the AOT 
surfactant interface. The RM studies provide information about how small structural changes in the 
aromatic amide or hydrazide can affect compound placement and orientation at a surfactant interface. 
This finding, albeit on a different type of interface, is consistent with the results reported in computational 
studies of NIC and PIC with phosphatidyl-choline and phosphatidylethanolamine phospholipids21-22 along 
with experimental studies with INH interacting with a liposome consisting of phosphotidylcholine.49-50 We 
found that the distance of amide to the pyridine nitrogen and the molecular orientation of the amide can 
impact the interactions with the water-AOT interface. Similarly using computational methods in studies 
by Borba et al. and Martini et al. specific hydrogen bonding with NIC and PIC were found using 
phosphatidylcholine and phosphatidylethanolamine phospholipids.21-22 Although the findings in our 
studies with the RMs do not directly demonstrate the specific interactions with the phospholipid 
headgroups found in these computational studies, but the locations identified in our studies of the small 
aromatics N-containing molecules with the sulfonate head group of AOT were comparable, that is placing 
the drug near the interface.  
Conversely if the small aromatic compounds interacted primarily with the phospholipid tails, then the 
head group would not have affected the overall interactions with the phospholipids and the area per 
phospholipid would have been affected similarly between DPPC and DPPE. Since this was shown to not 
be the case in the Langmuir monolayer studies, the molecules of interest most likely also reside near the 
phospholipid head groups as found in the AOT RM experiments. The difference in interaction with DPPC 
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vs. DPPE was especially evident with INH and iNIC (see Figure 3.2 and Figure 3.4). The previous study by 
Marques et al. was able to determine a dissociation constant (Kd) of INH with 
dimyristoylphosphatidylcholine (DMPC) supported bilayers to be 0.031 µmol by plasmon waveguide 
resonance.49, 51 With the observation that INH most likely prefers DPPE to DPPC, the Kd of INH with DPPE 
would most likely be lower than that found by Marques et al. More studies are needed to determine the 
exact values and whether the difference in tail length would affect the Kd.  
The Langmuir monolayer studies also support the interpretation that the orientation of the amide to 
pyridine nitrogen affect the phospholipid interface.  This result was apparent from the differences in 
compression isotherm area per phospholipid caused by the presence of iNIC compared to NIC and PIC. 
NIC and PIC affected the monolayers similarly, in contrast to iNIC that affected the monolayers differently. 
INIC was more similar to INH where it preferred DPPE, but iNIC did not spread the lipids like NIC and PIC 
did. The similar overall effects on the phospholipid monolayers by PIC and NIC were most likely caused by 
different molecular interactions that happen to have similar outcomes as supported by a difference in 
tilting at the RM interface. To summarize, the specific structural characteristics of these compounds can 
influence their interactions with phospholipid and surfactant interfaces in a comparable manner.  
When combining the information from these two model membrane systems, a few conclusions about 
the placement and interactions of the molecules of interest with surfactant and phospholipid interfaces 
can be made. The RM experiments show that despite a similar placement of all the molecules of interest 
within the water-AOT interface, the orientation of the pyridine nitrogen to the amide can affect the 
specific orientation of the whole molecule of interest within an interface. This tilt of PIC and NIC suggests 
that within other interfaces, such as a phospholipid interface, the small difference between these 
molecules can allow for differences in the interactions with a phospholipid monolayer. Although, those 
interactions will likely not be the same as determined from the RM experiments.21 The phospholipid 
Langmuir monolayer studies build on this idea by also supporting the expectation that the specifics behind 
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the interactions of the head group of the phospholipid with the molecule of interest can affect binding 
such as what was observed with INH and iNIC. To summarize, the hypothesis that small differences in 
structure can lead to differences in the interactions of these small molecules with membrane interfaces, 
was supported by these observations.  
Although this study focused exclusively on monolayers, the observations gathered can cautiously be 
used to provide some projections about how these molecules might pass through a bilayer membrane. 
With each molecule studied here, they all resided within the water-AOT RM interface and interacted 
differently with phospholipids containing the same tail but different head groups. Together, these 
observations would support a head group based interaction of the drugs in contrast to interactions with 
the choline, phosphate, or glycerol of phospholipids. Therefore these compounds may not passively 
diffuse through a bilayer membrane like weak acid preservatives (ex. benzoic acid and formic acid) or 
protonophores (ex. carbonyl cyanide m-chlorophenyl hydrazine).8, 10, 23 If the molecules are able to 
traverse a membrane by passive diffusion, then it would be expected that the molecules would reside 
deeper within the RM tails/organic solvent.23 The data obtained in this study does not support passive 
transport of these small aromatic compounds.  
Other methods for crossing a bilayer has been extensively studied using different cations and anions. 
In these method, cations or anions are transported through forming a complex with phospholipids and 
then flip with the phospholipid across the bilayer, or through a hydrophobic pore that may form allowing 
traversing of ions.52-56 Some of these mechanisms have been studied through computational studies, and 
Borba et al. was able to show that the binding of PIC and NIC to the phosphatidylcholine or 
phosphatidylethanolamine head groups can cause con-formational differences in the phospholipid tails.22 
Considering that all of the molecules within this study inter-acted with the headgroups of AOT and the 
phospholipids, it is feasible that at least some of these molecules may affect the phospholipid tails as well.  
If these molecules affect the phospholipid tails then such interaction might aid in the crossing of the drugs 
73 
 
across the phospholipid bilayer. Additional studies are needed to determine if these small molecules 
passively diffuse across bilayers, but these studies provide the framework to build a more in depth 
understanding of small molecule interactions with membrane interfaces. 
3.4 Summary and Conclusions 
We found that the interactions of INH, BHZ, BA, PIC, NIC, and iNIC, all interact with phospholipid and 
surfactant interfaces with the phospholipid/surfactant head groups, but have different effects on 
phospholipid interfaces. The phospholipid Langmuir monolayer studies show a difference in interaction 
of the small molecules that were not only dependent on the structure of the small molecules but also the 
phospholipids themselves. All the molecules tested reside within the water AOT surfactant interface of 
RMs with the amide/hydrazide facing toward the water pool except of NIC and PIC. NIC and PIC resided 
at the interface but were tilted with the amide of NIC facing more away from the water pool than the 
amide of PIC. In summary, we show here that interactions of small aromatic molecules with lipid 
surfactant interfaces are not straight forward and that structural changes of the small aromatic 
compounds can alter their affinity for different phospholipid interfaces, how they affect different 
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4.1 Electron Transport and Quinones 
Quinones have vital roles in biological systems, and of those roles, the most recognized is them as 
proton and electron carriers of electron transport systems.1-7 As shown in Figure 4.1, three of the most 
commonly discussed quinones are ubiquinone (UBQ), menaquinone (MK), and plastoquinone (PQ). 
Despite structural differences in electron transport systems and between these three quinones, they all 
are commonly illustrated as moving through the bilayer in a cyclic motion (Figure 4.1).1, 6  
 
Figure 4.1. Partial schematic of electron transport systems of mitochondria (A), gram positive bacteria 
with menaquinone (B), and of the chloroplast (C) outlining the importance of each specific quinone within 
each system. This Figure was adapted from Kurosu et al. and Rochaix.1, 6 
 
For this cyclic motion to occur, quinones are either highly mobile through the membrane, or the 
translocation is facilitated by proteins. Considering the high hydrophobicity of the quinones, it is likely 
that they are mobile through the lipid bilayer and therefore, their interactions with lipids have been 
explored in detail.4-5, 7-19 Quinn et al. and Hoyo et al. have both shown using Langmuir monolayer 
techniques that UBQ and PQ both interact similarly with phospholipid interfaces.13, 18 The tail length was 
found to affect the collapse pressure of monolayers formed using UBQ of varying isoprene tail lengths (1-
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10 isoprenes), which was attributed to aggregation of UBQ.13, 18 These studies were also able to show that 
at higher pressures (>15 mN/m) of mixed phospholipid monolayers with UBQ or PQ, both quinones are 
compressed out of the monolayer into the tails of the phospholipids.11-13, 18 This finding is consistent with 
a computational study by Kaurola et al. where UBQ was found to be able to traverse the bilayer but prefer 
to reside within the hydrophobic region of the bilayer.16 Despite the detailed knowledge of the 
interactions of UBQ and PQ with phospholipid interfaces, there have been few studies that explore the 
interactions of MK with phospholipid interfaces.20-21  
Unlike UBQ and PQ, MK analogs are more commonly thought of as being a part of the vitamin K family 
of compounds.1, 22 Additionally to being used for vitamins, MK has an important role in the electron 
transport system of Mycobacterium tuberculosis, with the main electron transporter being MK-9 (H2), or 
menaquinone with nine isoprene units and a saturation at the β isoprene position (second isoprene from 
the quinone).1 MK-9 contains a more hydrophobic headgroup than the other quinone electron 
transporters mentioned in Figure 4.1, but the majority of the structure (isoprenoid tail) is very similar with 
only the length and saturation of the isoprenoid tail being varied.1, 4, 6 Considering the similar structures 
and depictions within biological systems, here we hypothesize that MK-9 (without  β isoprene saturation) 
interacts with phospholipids in a similar manner as UBQ and PQ with phospholipid interfaces.3, 6, 16 
Specifically, MK-9 will interact with a phospholipid interface in a pressure dependent manner.3, 6, 16 
Previously, Langmuir monolayers have been used to explore the interactions between lipids, 
quinones, hydrophilic molecules with lipids, and proteins with lipids.8, 11-13, 18, 23-27  Specifically, compression 
isotherm experiments of Langmuir monolayers of mixed lipids can give information about the specific 
interactions between the components of the monolayer.8, 11-13, 18, 23 In this study, the interactions of the 
electron transporter, MK-9, with the phospholipids dipalmitoylphosphatidylcholine (DPPC) and 
dipalmitoylphosphatidylethanolamine (DPPE) were examined using Langmuir monolayer techniques to 
determine if MK-9 interacts with phospholipid interfaces in a similar manner as the other electron 
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transporters shown in Figure 4.1. In conjunction with Brewster angle microscopy (BAM), a visualization of 
the monolayer allowing for observations of morphological differences can elucidate how the MK-9 
interacts with the phospholipids. Using compression isotherms of Langmuir monolayers of MK-9, 
phospholipids, mixed monolayers, and BAM this study aims to describe the interactions between MK-9 
and common phospholipids found biological membranes. 
4.2 Materials and Methods 
4.2.1 Materials 
The following chemicals were used without further purification. DPPC (>99%) and DPPE (99%) were 
purchased from Avanti Polar Lipids.  MK-9 (≥98%) was purchased Santa Cruz Biotechnology. Chloroform 
(≥99.5%), methanol (≥99.9%), monosodium phosphate (≥99.0%), and disodium phosphate (≥99.0%), were 
all purchased from Sigma Aldrich. 
4.2.2 Preparation of Langmuir Monolayers 
Phospholipid stock solutions were prepared by dissolving 18 mg (0.025 mmol) DPPC or 17 mg (0.025 
mmol) DPPE into 25 mL of 9:1 chloroform:methanol (v:v) for a final concentration of 1 mM. The stock 
solution of MK-9 was prepared by dissolving 3.9 mg of MK-9 (0.005 mmol) into 5 mL of 9:1 
chloroform:methanol (v:v) for a final concentration of 1 mM MK-9. The subphase for the monolayers for 
compression isotherm experiments consisted of 50 mL of 20 mM sodium phosphate buffer (pH 7.4). 
Before addition of the stock solution to the subphase, the subphase was cleaned using aspiration and with 
the barriers near the center of the trough. After aspirating the subphase surface, the barriers were spread 
and the cleanliness of the subphase surface was determined by conducting a compression isotherm 
experiment without MK-9 or phospholipid present. By cleaning the subphase with the barriers close to 
the center of the trough, the reproducibility of the compression isotherm measurements was greatly 
increased. The subphase was considered clean when the surface pressure was consistently 0.0 +/- 0.5 
mN/m throughout compression without lipid present. To form the pure monolayers of phospholipid or 
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MK-9, 20 µL of stock solution (20 nmol) was added to the subphase (112 Å2/molecule) in a dropwise 
manner using a 50 µL Hamilton Syringe. To prepare the mixed monolayers of MK analog and phospholipid, 
specific volumes MK analog and phospholipid from the stock solutions were mixed to prepare solutions 
containing 25:75, 50:50, and 75:25 mole fractions of MK-9 to phospholipid. Then 20 µL (20 nmol) of the 
mixed solutions were added to the subphase in a similar manner as the pure monolayers. Once the pure 
solutions or mixed solutions were added to the subphase, the applied solution was then allowed to 
equilibrate for 15 minutes to allow for solvent evaporation and spreading of the phospholipids and MK-9. 
4.2.3 Surface Pressure Compression Isotherms of Pure and Mixed Monolayers 
Once the monolayers were prepared, they were compressed from 2 sides at a total rate of 10 mm/min 
(5 mm/min from each side) using a Kibron µTroughXS equipped with a Teflon ribbon (hydrophobic 
barriers). The temperature of the subphase was kept constant at 25 °C using an external water bath. 
During each compression, the surface tension was monitored using the Wilhemy plate method where a 
wire probe was used as the Wilhemy plate. The surface pressure was calculated from the surface tension 
using Equation 4.1 where π is the surface pressure, γ0 is the surface tension of water without monolayer 
present (72.8 mN/m), and γ is the surface tension of water with monolayer present. 
                                                    𝜋𝜋 = 𝛾𝛾𝑜𝑜 − 𝛾𝛾     (4.1) 
4.2.4 Analysis of the Surface Pressure Compression Isotherms 
The compression isotherms were conducted in triplicate and averaged with standard deviations of 
the area per molecule (phospholipid and MK-9) every 5 mN/m. Using the compression isotherm curves, 
the ideal area was determined using equation 4.2 where Ai is the ideal area, xMK is the mole fraction of MK 
analog, xPL is the mole fraction of phospholipid, AMK is the area per molecule of the pure MK-9 monolayer 
at a specific surface pressure, APL is the area per molecule of the pure phospholipid monolayer at a given 
surface pressure.28-29 The ideal area curves were then compared to the actual data by calculating a percent 
difference of the area per molecule at specific surface pressures. 
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The area per molecule of the mixed monolayers compression isotherm curves were then normalized 
to the amount of phospholipid present within each monolayer (area per molecule excluding MK-9) as has 
been previously reported.18, 24, 30 The compression moduli were calculated from the average compression 
isotherm curves using Equation 4.3 where Cs-1 is the compression modulus, A is the area per molecule, 





4.2.5 Brewster Angle Microscopy (BAM) of Pure and Mixed Langmuir Monolayers 
BAM experiments were conducted using a Biolin Scientific (NIMA) medium sized Langmuir Blodgett 
trough (364 cm x 75 cm) equipped with a MicroBAM (resolution of 12 µm) and delrin bariers (hydrophilic). 
The MicroBAM was equipped with a 30 mW laser emitting 659 nm laser light that was p-polarized. The 
subphase consisted of ~200 µL of 20 mM sodium phosphate buffer (pH 7.4). The surface of the subphase 
was cleaned in the same manner as with the compression isotherm experiments (section 4.2.2). The pure 
and mixed lipid solutions were prepared in the same manner as for the compression isotherm 
experiments. The amount of pure and mixed lipid solution added to the surface of the subphase varied 
between 40 and 100 µL (40-100 nmol) to ensure full compression of the monolayer. Once the lipid 
solutions were added to the surface of the subphase, they were allowed to equilibrate for 15 minutes 
before compression at a total rate of 10 mm/min from two sides (5 mm/min from opposite sides). During 
compression, the surface pressure was monitored using the Wilhemy plate method with a platinum plate 
as the Wilhemy plate. Beginning at a surface pressure of 1 mN/m, BAM images were collected every 
second until end of compression (collapse of monolayer or end of trough). These experiments were 
conducted in triplicate to ensure the observations of the monolayer morphologies were consistent at 
specific surface pressures. The images presented here are for 10 mN/m, 20 mN/m and 30 mN/m of the 
pure phospholipid and mixed monolayers. In appendix VII (DPPC) and VIII (DPPE, Figures A7.1 and 8.1 
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respectively), the images for the surface pressures ranging from 10 mN/m to 40 mN/m are given every 
2.5 mN/m. Given in appendix VI are images of a time dependent equilibration of an MK-9 monolayer after 
compression (Figure A6.1). 
4.3 Results and Discussion 
4.3.1 Compression Isotherms of Pure and Mixed Monolayers of MK-9 and Phospholipids 
Compression isotherms of pure and mixed monolayers of MK-9, DPPC, and DPPE were conducted to 
probe for interactions between the MK-9 and common phospholipids (Figure 4.2). The DPPC compression 
isotherm curve exhibits the characteristic gas-liquid phase transition at 4 mN/m and a collapse pressure 
at 45 mN/m similar to findings in literature.20-21, 25-26, 31-32 The DPPE compression isotherm collapses at 45 
mN/m and the curve is similar to reported findings.30, 33 The MK-9 compression isotherm curve exhibits a 
collapse at 9.5 mN/m which is similar to the low collapse pressures of UBQ, PQ, and vitamin K1 under inert 
atmosphere.11-13, 18, 20, 31, 34 The low collapse pressure is likely due to the limited hydrogen bonding capacity 
of MK-9 and therefore it has limited interactions with the water interface. This would limit the observed 
surface activity of MK-9. The large isoprenoid tail could also allow for aggregation as was observed with 







Figure 4.2. Compression isotherms of mixed and pure monolayers of MK-9 and DPPC (A) or DPPE (B). The 
compression isotherm curves correspond to the pure MK-9 monolayer (solid black line), 75:25 MK-9: 
phospholipid monolayer (dotted purple line), 50:50 MK-9:phospholipid monolayer (dashed and dotted 
green line), 25:75 MK-9:phospholipid monolayer (short dash and dot blue line), and the pure phospholipid 
monolayer (dashed red line). The ratios correspond to mole fractions of MK-9 to phospholipid of the 
monolayers. 
 
When mixing MK-9 with DPPC or DPPE, some alterations of the compression isotherm curves from 
the pure phospholipid compression isotherm curves can be observed in Figure 4.2. The gas-liquid phase 
transition of the DPPC compression isotherm curve is not present in the mixed monolayers (present at 4 
mN/m for DPPC monolayer). The lack of this phase transition, is consistent with either MK-9 disordering 
the DPPC phospholipids causing a prevention of a phase transition or having a condensing effect on the 
DPPC thus the DPPC would begin the compression in the liquid phase.32, 35 For the DPPE and MK-9 mixed 
monolayers, the compression isotherm curves exhibit a decrease in slope of the curves below 15 mN/m 
from the DPPE control monolayer curve. This difference is consistent the presence of MK-9 spreading the 
DPPE phospholipids more so than observed in the pure DPPE monolayer. Further analysis of the slope of 
the DPPE curves is provided in the compression modulus section (section 4.3.4). Above 15-20 mN/m, the 
mixed monolayers of MK-9 and either phospholipid decreases in area per molecule by what seems to be 
a fixed amount as the MK-9 content is increased and an analysis of this phenomenon is conducted in 
section 4.3.3. This trend is similar to observations by Quinn et al. with UBQ.18 In summary, the presence 
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of MK-9 prevents the gas-liquid phase transition of DPPC, the DPPE curves seem to have a decrease in 
slope, and the area per molecule of the mixed monolayer curves decrease in fixed intervals according to 
the MK-9 composition.  
4.3.2 Ideal Area vs. Actual Area Comparison 
To determine if MK-9 and DPPC or DPPE are interacting in a way that is causing a condensing or 
expanding effect, the ideal curves were calculated and compared to the experimental compression 
isotherm curves. Due to the low collapse pressure of MK-9, the ideal curves do not go above 9.5 mN/m as 
shown in Figure 4.3.  
Figure 4.3. Compression isotherms of pure monolayers of MK-9 and DPPC (A), DPPE (B), or the ideal area 
curve (solid light blue line). The compression isotherm curves correspond to the pure MK-9 monolayer 
(solid black line), 25:75 MK-9:phospholipid monolayer (1, short dash and dot blue line), 50:50 MK-
9:phospholipid monolayer (2, dashed and dotted green line), 75:25 MK-9: phospholipid monolayer (3, 
dotted purple line), and the pure phospholipid monolayer (dashed red line). The ratios correspond to mole 
fractions of MK-9 to phospholipid of the monolayers. 
As shown in Figure 4.3 (A1-3), the MK-9 and DPPC compression isotherms exhibit varying condensing 
or expanding effects from ideality. The 25% and 50% MK-9 (25:75 and 50:50 MK-9:DPPC, mole fractions) 
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monolayers may exhibit an increase in area per molecule above 4 mN/m while the 75% MK-9 monolayer 
exhibited a decrease in area per molecule below 4 mN/m. The possible expansion effects of the 
monolayers consisting of 25% or 50% MK-9 are likely due to DPPC spreading the MK-9 molecules more, 
inhibiting as much aggregation as when the monolayer consists of pure MK-9 (See Figures 4.7 and A6.1). 
This interpretation is made with hesitation as the deviations of the data are very close to the ideal area 
curve. The spreading of DPPC is not likely as DPPC spreads very well across the aqueous interface and 
therefore it would be difficult to spread the DPPC further.36-37 The condensing effect of the 75% MK-9 
monolayer from ideality below 4 mN/m is likely due to the phase transition within the ideal curve. This 
observation would be consistent with MK-9 preventing the gas-liquid phase transition of DPPC at 4 mN/m. 
As shown in Figure 4.4, the percent difference from the ideal area of each curve exhibits an increase at 4 
mN/m suggesting that all MK-9 mole fractions tested prevent or reduce the gas-liquid phase transition of 
DPPC. These observations are consistent with MK-9 reorganizing the DPPC tails, and DPPC possibly 
preventing aggregation of the MK-9.  
 
Figure 4.4. The percent difference of area per molecule from the ideal curve at specific surface pressure 
of the mixed monolayers of MK-9 and DPPC (C) or DPPE (B). The graphs depict the percent difference in 
area of the 75:25 MK-9:phospholipid (dotted purple line), 50:50 MK-9:phospholipid(dashed and dotted 
green line), or 25:75 MK9:phospholipid (small dashed and dotted blue line)  
 
The mixed monolayers of MK-9 and DPPE also had variable expansion or condensing effects from the 
ideal curves. The 25% MK-9 monolayer exhibited a slight increase in area per molecule, the 50% MK-9 
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monolayer exhibited a large increase in area per molecule, and the 75% MK-9 monolayer exhibited a slight 
decrease in area per molecule from the ideal curves (Figures 4.3 and 4.4). The increase in area at 50% or 
less MK-9 mixed monolayers is likely due to the presence of the MK-9 disrupting the packing of the DPPE. 
The 75% MK-9 monolayer exhibited a small decrease in area per molecule which is likely caused by the 
small amount of DPPE causing a greater amount of packing for the MK-9 than just MK-9 by itself. The 25% 
MK-9 curve is very close to ideality suggesting limited interaction between DPPE and MK-9.  
4.3.3 Normalization to Phospholipid Content 
Due to the collapse pressure of the MK-9 monolayer compression isotherm, the ideal area calculations 
were unable to give information about the interactions of MK-9 and the phospholipids above 9.5 mN/m. 
Therefore, more information about the interactions of MK-9 with phospholipids was sought by 
normalizing each monolayer to the phospholipid content as shown in Figure 4.5.18 In this instance, 
normalizing the compression isotherms to the phospholipid content is simply ignoring the MK-9 content 





Figure 4.5. Compression isotherms of pure monolayers of MK-9 and DPPC (A) or DPPE (B) normalized to 
the phospholipid content. These curves ignore the presence of MK-9 for the calculation of the area per 
molecule. The compression isotherm curves correspond to the 75:25 MK-9: phospholipid monolayer 
(dotted purple line), 50:50 MK-9:phospholipid monolayer (dashed and dotted green line), 25:75 MK-
9:phospholipid monolayer (short dash and dot blue line), and the pure phospholipid monolayer (dashed 
red line). The ratios correspond to mole fractions of MK-9 to phospholipid of the monolayers. MK-9 
monolayer compression isotherm curves are not present as there was no phospholipid present within the 
monolayer. 
 
When the MK-9 mole fraction is increased, the isotherms shift toward a greater area per phospholipid. 
None of the mixed monolayers exhibited MK-9 being compressed completely out of the monolayer which 
would have been shown by overlapping normalized isotherm curves.18 UBQ has previously been shown 
to be compressed out of the monolayer by Quinn et al.18 As shown in table 4.1, the difference in the area 
per phospholipid when MK-9 is present from the control monolayer decreases when the surface pressure 










25% MK-9 50% MK-9 75% MK-9 25% MK-9 50% MK-9 75% MK-9 
5 21.6 38.1 68.5 8.7 59.9 128.5 
10 18.0 35.2 69.8 7.6 50.4 112.5 
15 13.1 29.3 61.6 6.9 41.3 97.3 
20 8.5 23.1 53.7 6.4 34.0 83.3 
25 6.4 19.2 46.7 6.2 30.1 74.9 
30 5.2 17.0 42.2 5.9 27.2 68.7 
35 4.3 15.9 37.1 5.7 25.2 64.0 
40 4.7 13.7 N.A 5.4 18.3 58.0 
 
4.3.4 Compression Moduli of Mixed and Pure Monolayers of MK-9 and Phospholipids 
For further confirmation that MK-9 is not being completely compressed out of the mixed monolayers 
but still affect the monolayers at higher pressures, the compression moduli of the mixed and pure 
monolayers were compared (Figure 4.6). The compression moduli were also compared to determine if 
the presence of MK-9 causes the monolayers to be compressed more easily. 
 
Figure 4.6. Compression moduli of pure monolayers of MK-9 and DPPC (A) or DPPE (B). The compression 
moduli curves correspond to pure MK-9 monolayer (solid black line), 75:25 MK-9: phospholipid monolayer 
(dotted purple line), 50:50 MK-9:phospholipid monolayer (dashed and dotted green line), 25:75 MK-
9:phospholipid monolayer (short dash and dot blue line), and the pure phospholipid monolayer (dashed 




The DPPC, DPPE, and MK-9 compression moduli curves are similar to reported curves for the 
phospholipids and other quinones.11-13, 20 The compression moduli decrease as the mole fraction of MK-9 
increases for both phospholipid monolayers. This observation is consistent with previous findings.11-13, 20 
In the presence of MK-9, the DPPC compression moduli no longer exhibit the characteristic gas-liquid 
phase transition at 4 mN/m as shown by the minimum compression modulus of the DPPC control 
monolayer compression modulus. The gas-liquid phase transition disappearance in the mixed monolayers 
is consistent with observations from the compression isotherm curves. The 75% MK-9 and 25% DPPC 
monolayer exhibited a small maximum compression modulus and the 50% MK-9 and 25% MK-9 
monolayers exhibited sharp increases in the compression modulus after the collapse pressure of the pure 
MK-9 monolayer. Similarly, the mixed monolayers of MK-9 and DPPE (75% and 50% MK-9) exhibited a 
local maximum at slightly higher pressures than the collapse pressure of the pure MK-9 monolayer (~13 
mN/m). This is interpreted as being an energy barrier for the collapse of the MK-9 within the monolayers 
which would lead to compressing the MK-9 out of the monolayer into the phospholipid tails. This 
interpretation is consistent with previous studies and would still affect the compressibility of the 
monolayers.11-13, 20 
4.3.5 BAM of Mixed and Pure Monolayers of MK-9 and Phospholipids 
To further examine the interactions of MK-9 with DPPC or DPPE, compression isotherms of mole 
fractions of MK-9 with one of the phospholipids were conducted while BAM images were collected. BAM 
has been successfully used previously to explore the morphology of Langmuir monolayers and therefore 
was used in this study to do the same.11-13, 31 
The BAM images of pure monolayers consisting of either 50 nmoles or 100 nmoles of MK-9 are shown 
in Figure 4.7. The collapse pressure of MK-9 during these experiments were found to be 15 mN/m. The 
vairability between the collapse pressure of the compression isotherm experiments and the BAM 
experiments is likely due to the intermolecular interactions of MK-9. As can be observed in the 50 nmol 
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MK-9 images, MK-9 forms a flat surface until the 15 mN/m. After the 15 mN/m, small aggregates can be 
observed. With the 100 nmol images, aggregates can be observed at all the pressures shown. These 
observations are interpreted as MK-9 aggregating as the MK-9 comes in closer proximity with other MK-
9 molecules.  
After the collapse at 15 mN/m, BAM images were also recorded every 5 minutes for 20 minutes to 
observe any post-collapse alterations of the MK-9 monolayer (See Figure A6.1). As the monolayer was left 
to equilibrate, the aggregations (1 min) tended toward dissapearing into an image with larger aggregates 
and a flate surface (20 min). This data shows that as MK-9 is allowed to equilibrate, it tends to spread 
across the interface slowly. This slow equilibration post-collapse of MK-9 is likely why the collapse 




Figure 4.7. BAM images of compression isotherms of monolayers consisting of 50 nmoles (left column) or 
100 nmoles (right column) of MK-9. Surfaces pressures are given with corresponding images below. See 
Figure A6.1 for BAM images post collapse of the monolayer consisting of 50 nmoles of MK-9.  
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In Figure 4.8 the BAM images of DPPC and DPPC mixed monolayers with MK-9 are presented at 10 
mN/m, 20 mN/m, and 30 mN/m. As can be seen with the DPPC monolayer images, DPPC tends to form 
an even coverage across the subphase surface.36-37 A phase transition from the liquid to solid phase can 
be observed as very small aggregates in the 20 mN/m DPPC monolayer image. When MK-9 is present, the 
DPPC liquid to solid phase transition is no longer observed. Also, as the MK-9 content is increased, more 
dark spots can be observed on the monolayer surface. The appearance of these dark spots is interpreted 
as portions of the DPPC interface being more fluid and reorganizing with the presence of MK-9. This 
interpretation is consistent with the lack of a liquid to solid phase transition. Spots similar to these can 
also be interpreted as dust particles affecting the monolayer. This is not likely as the spots are more 
prevalent as the MK-9 content is increased within the monolayer. This phenomenon was consistent 
through multiple trials which would not be expected if the spots were dust particles as they should be 





Figure 4.8. BAM images of DPPC (top row), 25% MK-9 and 75% DPPC (second row), 50% MK-9 and 50% 
DPPC, and 75% MK-9 and 25% DPPC monolayers at 10 mN/m, 20 mN/m and 30 mN/m. For images 
presented every 5 mN/m, see Figure A7.1.  
 
The BAM images of DPPE and DPPE mixed monolayers at 10 mN/m, 20 mN/m and 30 mN/m can be 
observed in Figure 4.9. The pure DPPE monolayers at 10 mN/m exhibit dark spots within the image that 
corresponds to empty space within the DPPE monolayer. This is consistent with DPPE being involved in 
intermolecular hydrogen bonding leading to a greater amount of aggregation than what was observed for 
DPPC. By 30 mN/m the surface of the subphase was completely covered by DPPE. As the MK-9 content is 
increased, small aggregates can be observed in the 10 mN/m and 20 mN/m images (specifically 50% and 
75% MK-9 images). The 30 mN/m image of the monolayer consisting of 75% MK-9 is then of a mostly flat 
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surface. This can be interpretted as either that at high pressure the MK-9 is compressed out of the 
monolayer forming a flat surface on the top of the monolayer or the pressure is causing the MK-9 to 
disperse within the DPPE instead of aggregating. Considering the compression isotherm data and analysis, 
it is likely that a mixture of the interpretations is what is occuring. The MK-9 being compressed out of the 
monolayer would also be consistent with previous findings by Hoyo et al. and Quinn et al.11-13, 18 
Figure 4.9. BAM images of DPPE (top row), 25% MK-9 and 75% DPPE (second row), 50% MK-9 and 50% 
DPPE, and 75% MK-9 and 25% DPPE monolayers at 10 mN/m, 20 mN/m and 30 mN/m. For images 
presented every 5 mN/m, see Figure A8.1.  
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4.3.6 Evaluation of Findings and Comparison to Literature 
Through the compression isotherm experiments and BAM images, the surface pressure dependent 
interactions of MK-9 and DPPC were determined. Through the compression isotherm experiments of pure 
and mixed monolayers of DPPC, a disappearance of gas to liquid phase transitions and a low collapse of 
the pure MK-9 monolayer were observed. The ideal area gave variable results, but the compression 
isotherm curves normalized to the phospholipid content suggested that MK-9 is partially compressed out 
of the monolayer. The compression modulus data suggests that the MK-9 does affect the monolayer 
throughout compression and allows for easier compression as the MK-9 content is increased. The BAM 
suggests that the presence of MK-9 can cause tail rearrangements of DPPC in distinct positions. All of this 
data is in agreement with MK-9 being partially compressed out of the DPPC monolayer, but still affecting 
the DPPC monolayer allowing it to be easier to compress. This would suggest that the MK-9 is still within 
the lipid monolayer and not simply residing on top of the monolayer. 
The compression isotherm and BAM experiments were also used to determine the surface pressure 
dependent interactions of MK-9 and DPPE. The compression isotherm experiments of pure and mixed 
monolayers suggested MK-9 was affecting the DPPE monolayers more at lower surface pressures than at 
higher surface pressures (above 20 mN/m). Ideal area results were variable, but the isotherm curves 
normalized to the phospholipid content exhibited MK-9 being partially compressed out of the monolayer 
similar to the DPPC results.11-13, 18, 31, 38 The presence of MK-9 also caused the DPPE monolayer to be 
compressed easier in the same manner as the DPPC monolayer. Through imaging the monolayers using 
BAM, the MK-9 would still aggregate, but at high pressures (30 mN/m) MK-9 is either compressed out of 
the monolayer or intercalates into the DPPE regions. In summary, the data is consistent with MK-9 being 
partially compressed out of the monolayer and likely residing within the monolayer instead of residing on 




Figure 4.10. Pictorial representation of the interpretations of the current study. Initially the MK-9 
aggregates within the lipids (A) and as the lipids are compressed closer to one another, the MK-9 
molecules are compressed out of the water interface toward the lipid tails (B). MKs are depicted as being 
folded as is consistent with literature.16, 20, 39 
 
These findings are similar to previous findings, but there are small differences from previous studies. 
Quinn et al. found through compression isotherm experiments of UBQ of varying tail length and 
phospholipids, that ubiquinone is completely compressed out of the monolayer to the top of the 
phospholipids tails.18 In this study, MK-9 was not completely compressed out of the monolayer, but 
instead still affected the area per molecule and compressibility of the monolayer. This discrepancy may 
be due to the headgroups of the quinones, or the improvements in sensitivity of Langmuir monolayer 
experimental setups over time.18 In either case, this does demonstrate that MK-9 does interact with 
phospholipids similarly to UBQ. Also similar to current findings, Hoyo et al.  and Kruk et al. found that UBQ 
and PQ both are partially compressed out of the phospholipid monolayers using AFM, BAM and 
compression isotherms.11-13, 38 Considering the current findings and these studies, the three quinones 
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considered interact with phospholipid interfaces very similarly.11-13, 18, 38 This suggests that the main factor 
in the transport of these quinones across membranes is the isoprenoid tails.11-13, 18, 38 
In a biological setting, MK-9 would have to transverse a bilayer instead of a monolayer as was used 
within this study. Although there are clear differences between a bilayer and a monolayer, this study still 
provides information on aspects of the ability of MK-9 to traverse the membrane.14-16 The conclusion that 
MK-9 partially being compressed out of the monolayers suggests that MK-9 does not strongly interact 
with the water inerface. This is likely due to a limited amount of hydrogen bonding with the water 
interface compared to DPPC or DPPE.40-41 Therefore once the lipid density becomes sufficiently high 
(above ~20 mN/m), MK-9 is compressed into the lipid tails. With many biological membranes having a 
lipid density relating to 30-35 mN/m, MK-9 most likely resides within the lipid tails for the majority of 
time.36-37, 42 The rest of the time, MK-9 likely resides near the headgroups of the phospholipids.16 
Considering MK-9 resides within the tails of the phospholipid monolayers at physiological lipid densities 
as shown in this study, MK-9 likely is able to traverse the bilayer easily.11-13, 16, 18 
4.4 Summary and Conclusions 
The current studies explored the interactions of the electron transporter of Mycobacterium 
tuberculosis, MK-9, with common phospholipids using Langmuir monolayers. The compression isotherm 
experiments of mixed and pure monolayers of MK-9 and the phospholipids DPPC or DPPE, suggested that 
MK-9 and the phospholipids do interact with one another. Through analysis of the compression isotherm 
curves, the ideal area, isotherm curves normalized to the phospholipid content, and the compression 
modulus were calculated and shows that MK-9 is partially compressed out of the monolayers into the tails 
of the phospholipids. The BAM images were able to corroborate these findings. Therefore, these studies 
were able to show that MK-9 is partially compressed out of the monolayer in a surface pressure (lipid 
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As presented in the previous chapters, many factors play a role in the interactions of small molecules 
with lipid interfaces and inter-lipid interactions. The factors presented here are likely not the only factors 
that affect small molecule and inter-lipid interactions within membranes.1-2 These other factors that were 
not explored within these studies may, but are not limited to include lipid density, ionic strength of the 
water, charge of molecules or ions, and structure and composition of the lipids.1-14  Understanding these 
characteristics is crucial for the development of drugs and further understanding of biological systems. 
The following discusses a few of these factors that affect small molecule interactions with lipids and inter-
lipid interactions. 
5.1 Interactions of Small Molecules and Ions with Cell Membranes 
When considering small molecules diffusing into and across the cell membrane, it is important to 
consider the steps by which the small molecules go through to cross the membrane. First, the small 
molecule must be sufficiently hydrophobic to bind to the cell membrane interface. Once at the interface, 
the molecule is thought to diffuse across the membrane by itself or with assistance of a channel protein.7, 
15-21 If the molecule is too hydrophobic (logP > 5.6), it will be trapped within the membrane hydrophobic 
region or if the molecule is too hydrophilic (logP < -0.4), then it will not bind to the membrane and to 
enter a cell it must go through a transporter.17, 22 Therefore, an appropriate hydrophobicity is sought for 
diffusion across the cell membrane. These generalities are good estimates for drug development, but 
there are examples of ions and molecules that do not follow this generalization and diffusion across the 
cell membrane may be much more complicated.2, 23-26  There are many factors that may affect the 
interactions of small molecules with lipid interfaces and the following discusses a few of those factors.  
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5.1.1 Diffusion of Ions through Lipid Bilayers 
For decades, it has been known that cells are able to uptake needed ions through the lipid 
membrane.27-32 To do this, there are many protein transporters, but the cell can also uptake ions through 
the lipid bilayer.13, 24, 27-34 Considering the ions are charged, it is commonly assumed that the ions do not 
interact with the lipid interfaces (primarily hydrophobic). Interestingly, these cations are still able to cross 
lipid bilayers.9, 13, 24, 34 
To cross the lipid bilayer, cations bind to the phosphates of the membrane phospholipids and the 
nearby water molecules.9, 13, 33-35 Assuming there is enough of concentration gradient of the ions across 
the membrane, a hydrophilic pore may form.20, 25, 36 This pore can consist of ~100 H2O molecules, cations, 
and anions, which can then cross to the other side of the lipid bilayer.20, 33, 35-36 This method of crossing 
the bilayer is one of the currently, most accepted mechanisms of ions traversing a lipid bilayer and is called 
the pore mechanism (see Figure 5.1 for illustration of pore formation).9, 20, 35 Alternatively, some anions 
are able to diffuse across lipid bilayers using the solubility-diffusion mechanism.13, 25, 34 This is the 
mechanism that is commonly described for passive diffusion.13, 25, 34 For this method, the anion would have 
to be sufficiently soluble in the lipid hydrophobic region to where, through Brownian motion, it is able to 
traverse the bilayer (see Figure 5.1). For an anion to be able to cross the bilayer in this method, the basicity 
and polarity of the anion are important factors.13, 34 The basicity is important for the anion to be able to 
ionically bind to a proton while if the anion is too charged, it will not be able to cross the membrane 
easily.13, 34 Therefore, ions are able to cross membranes through at least two accepted mechanisms of 




Figure 5.1. Schematic diagrams of the solubility-diffusion method (A) for an uptake of an anion into a cell 
(black circle and arrow) and a schematic of the formation of a hydrophilic pore (pore method of uptake, 
B). The figures outlining the pore formation beginning with the cell bilayer (a), followed by a small 
disruption of the bilayer (b), initial pore formation (c), and pore formation (d). This figure is based on 
computational studies where the pore formation is caused by larger differences in concentrations of ions 
across the membrane.20, 25, 36 The blue circles represent water molecules. 
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5.1.2 Small Structural Differences Affecting Small Molecule Interactions with Lipids  
The specific structures of small molecules used to treat illnesses are typically thought of in terms of 
binding to proteins or DNA.37-40 The specific structures can be altered to make sure the molecules form 
tight bonds with the target protein or DNA which would then allow for better inhibition of the target.37-40 
Less is done to affect the binding and interactions with the lipids that make up the membrane. As was 
observed in chapter 3, the small structural differences of small molecules can affect the molecular 
interactions with general membrane-like interfaces.2 With advances in the understanding of the 
interactions of small molecules with specific lipids, it may be possible to direct the small molecules to 
specific regions of the cell membrane, which could  contain the target of interest.2, 41-44 By targeting the 
lipids near the protein of interest, the drug molecule would be brought in proximity of the target allowing 
for a greater chance for the drug to reach its target.2, 41-44  
5.1.3 pH Dependence of Membrane Interactions of Small Molecules 
The pH dependence is well known for the uptake of weak acid preservatives and some small molecule 
drugs. For carboxylic acids, within solutions of pH values below the pKa value of the weak acid, the neutral 
acid form is primarily present and therefore the weak acid interacts more with the lipid bilayer than the 
conjugate base.1, 7, 18-19, 45-47 As discussed in chapter 2, benzoic acid was able to reside within the reverse 
micelle tails which was in a much more hydrophobic region than where benzoate resided which was at 
the water pool- AOT interface.1 This likely extends to other weak acid food preservatives shown in Figure 
5.2.1, 7, 18, 46-47 With the neutral acid able to diffuse into the hydrophobic region, the weak acid should be 
able to completely diffuse across the lipid bilayer similar to the solubility-diffusion method that the anions 
described previously could use to traverse the membrane bilayer.13, 34 More information about the 




Figure 5.2. Structures, pKa, and E number (number used to identify preservatives) of acetic acid, propanoic 
acid, sorbic acid, and benzoic acid. pKa values are from reference 48.48 
 
5.1.4 Lipid Density and Uptake of Small Molecules 
For many cells, the density of lipids of membranes corresponds to about 30-35 mN/m, but may vary 
in organs such as the lungs.12, 14, 49 Within the alveoli of the lungs, the primary phospholipid is 
dipalmitoylphosphatidylcholine (DPPC).14, 49 This lipid is known to have complete coverage of an interface 
even near 0 mN/m.14, 49 The decrease in lipid density can allow for rapid gas molecule diffusion through 
the alveolar surface.14, 49 With other systems where the lipid density relates to the surface pressure of 30-
35 mN/m, the uptake of small molecules is severely reduced unless the cell allows for greater uptake of 
the molecule through protein channels.15, 50-51 This has been demonstrated using insertion profiles of small 
molecules and N-Ras protein into Langmuir monolayers.52 At higher surface pressures (greater lipid 
densities) the uptake of small molecules is reduced.52 Generally, the more dense the lipid interface, the 
less a small molecule is able to penetrate into the lipid interface.15, 50-52 
5.1.5 Comparison of Mechanisms for Small Molecule Diffusion Across Cell Membranes  
There are two commonly accepted mechanisms for small molecule diffusion across membrane 
bilayers.25 The mechanisms have the same names as with the ions, but the specifics behind the diffusion 
are altered due to clear differences in structures between organic molecules and inorganic ions.25 For 
instance, when the molecule is using the Solubility-diffusion method for traversing a lipid bilayer, it may 
tilt parallel with the water-bilayer interface and exist in a perpendicular state to the water-lipid interface 
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when the molecule is near the interface (see Figure 5.3).16, 25 This was shown to be the case by Jambeck 
et al. for ibuprofen and aspirin, and is likely to be the situation for many sufficiently hydrophobic 
molecules.16, 25 One such molecule that likely follows this pattern is benzoic acid, but more studies would 
be needed for confirmation.1, 16, 25  
 
Figure 5.3. Chemical structure and schematic of the diffusion of ibuprofen through a cell membrane. As 
depicted by the black ovals, the orientation of ibuprofen changes depending on its placement within the 
lipid bilayer. The red circle around the carboxylic acid of ibuprofen corresponds to the red spot on the 
black oval in the bilayer. The blue circles represent water molecules. 
 
The second method for small molecule diffusion across the membrane is the pore method similar to 
that described for ions.25 This method has been described for curcumin in a concentration dependent 
manner, where pores form within the lipid bilayers as the curcumin aggregates within the lipid bilayer as 
shown by solid state NMR by Barry et al.25, 53 Once the pore is formed, the curcumin is able to cross the 
lipid bilayer.25, 53 This mechanism of bilayer traversing is likely used by molecules that have hydrophilic 




A small molecule that has a membrane dependent interaction that is used to treat tuberculosis is 
pyrazinamide (PZA).45, 54-55 The active form, pyrazinoic acid (POA), is known to have a pH dependent effect 
on Mycobacterium tuberculosis  (Mtb) where at a lower pH of 5.5, PZA has a greater effect on Mtb than 
at pH 6.5.45, 55 The current mode accepted mechanism of action of PZA is still debated.56 PZA first crosses 
the bacterial membrane either through passive diffusion or active transport.56-57 Once inside the 
bacterium, PZA is hydrolyzed by PncA to form the carboxylic acid POA and a molecule of ammonia.21, 56 
After formation of POA, the POA may inhibit trans-translation and is also excreted by an efflux system.56, 
58 When POA is introduced to the acidic environment, it is thought that POA becomes protonated and 
then can diffuse across the cell membrane (pKa = 2.9).45, 47, 55, 59 This would then decrease the cytosolic pH 
and affect many functions of the cell including reducing ATP synthesis.21, 45, 55-56 The mechanism just 
described is very similar to that of the futile cycle described by Piper et al. for benzoic acid.7, 18-19, 46 
Although for weak acid food preservatives, the pH collapse is only observed below the pKa of the food 
preservative.7, 18-19, 46, 60 This would suggest that for this same mode of action to be relevant for PZA/POA, 
the pH of the extracellular space would have to be below pH 2.9 or the pKa of POA would have to change 
drastically to have the same pH reducing effect on the cytosol.7, 18, 47, 60 For the pKa to change there may 
be some specific interaction with the lipid interface making the protonated state of POA more favorable 
or there may be some intramolecular hydrogen bonding similar to that of picolinamide.6, 61-62 In contrast 
and seemingly more likely, the pKa of POA may not be altered much at the interface, but instead, POA 
along with increased ionic strength may allow for a hydrophilic pore to form.9, 20, 24-25, 33 This would allow 
for ions, such as protons, to cross the lipid bilayer for the limited time the pore exists (ns) causing the 
observed effects of POA.9, 20, 24-25, 33, 55 More studies are needed to confirm the exact interactions of POA 
with the membrane interface which would lead to an understanding of the effect POA has on the 
membrane of the bacterium.21, 24, 45, 55-56, 59 In summary, the pH dependent effect of PZA/POA on Mtb is an 
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example of a pH dependent drug that likely interacts in a specific way with the membrane interface.21, 45, 
55-56, 59  
5.2 Characteristics Affecting Inner Membrane Dynamics 
Cell membranes are highly dynamic structures. Within these structures many proteins, and lipids are 
constantly moving and there are a few characteristics that are able to affect the cell membrane 
dynamics.12, 63-64 This is necessary to allow for processes of the membrane to function properly.12, 63-64 The 
following sections discuss a couple of the characteristics of the lipid portion of the membrane that may 
affect the membrane fluidity and local membrane structure. 
5.2.1 Saturation of the Lipid Fatty Acid Tails 
As mentioned in chapter 1, the degree of saturation of the fatty acid tails of lipids can affect the 
membrane. Normally saturations (double bonds) of the tails are in the cis orientation to induce a “kink”, 
which then causes the tail of the lipid to not stack as easily within the compact lipid membrane.12, 63-65 The 
limited stacking can be observed with Langmuir monolayers, where an increase in lipid saturation, 
decreases the collapse pressure of the monolayer and the area per molecule is increased at a given surface 
pressure compared to a lipid with a saturated tail.11, 66-68 This would suggest that the lipids do not pack as 
closely as with saturated tails.11, 66-68 This “kink” can also cause a spreading of the lipids nearby and an 
overall increase in fluidity of that specific membrane region.11, 66-68 The fluidity stems from the fact that 
with a “kink” in the lipid tails, a portion of the hydrophobic tail region becomes less occupied.12, 63-65 The 
less occupied region can be filled with tails that are able to occupy the space that would otherwise be 
tightly packed. 
5.2.2 Specialized Lipids 
Cholesterol 
Beyond changing the structure of the lipid portion of the membrane, the composition of the 
membrane may be altered as well. To alter the fluidity of the membrane, a cell can change the cholesterol 
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content of its membrane.69-71 If the cell needs a more fluid membrane, the cholesterol content can be 
reduced, while if the cell needs a more rigid membrane, the cholesterol content can be increased.69-71 
Cholesterol has known condensing effects on the surrounding lipids which would cause the apparent 
increase in rigidity.70, 72-73 These effects are caused by the structure of cholesterol. The fused ring structure 
of cholesterol causes a more straight conformation of the tails of the neighboring lipids, which cause the 
local area of the cholesterol to become more ordered and rigid.70, 74 Along with the rigidity being affected 
by the presence of cholesterol, the lipid flip/flop (flip to inner membrane, flop to outer membrane) rate 
is increased.4-5, 64, 69 The exact mechanism of how cholesterol increases this rate is unknown, but there 
have been studies showing how cholesterol flips/flops within the bilayer.4-5, 64, 69 Cholesterol is normally 
drawn within the lipid bilayer as being parallel to the lipids surrounding it, but there have been findings 
that show a significant amount of cholesterol resides perpendicular to the lipids (parallel with the middle 
of the bilayer).74-75 This means that there are two orientations of cholesterol within the lipid bilayer and 
flips across the bilayer similar to ibuprofen.74-75 One major orientation is with the hydroxyl of the 
cholesterol near the headgroups of the lipids, and the other is with the cholesterol residing parallel to 
membrane interface similar to the solvation-diffusion method of ion and small molecule of diffusion 
across the lipid bilayer.64, 74-75 This would suggest that cholesterol is able to rotate within the lipid bilayer 
and affect both sides of the lipid bilayer in similarly.74-75 
Quinones 
Quinones (specifically ubiquinone, plastoquinone, and menaquinone) have all been shown to interact 
similarly within the cell membrane.76-83 As discussed in chapter 4, menaquinone-9 (MK-9, nine isoprene 
units) is partially compressed out of the monolayer at higher surface pressures that relate to physiological 
densities (30-35 mN/m).12 Similar findings have been found for Ubiquinone-10 (UBQ-10) and 
plastoquinone-9 (PQ-9) with varying lipid types composing the mixed monolayers.76-79, 81-82 This suggests 
that these quinones are all hydrophobic enough to be able to reside within the hydrophobic region of the 
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bilayer easily and therefore should be able to flip/flop from one side of the bilayer quickly (ns).82, 84 This 
was found to be the case through a computational study by Kaurola et al. where UBQ-10 was found to 
have a folded conformation within the lipid tails when flipping/flopping to the other side of the bilayer.84 
The fold within this computational study is similar to findings by Koehn et al. and Szterk et al. where the 
different menaquinone analogs (MK-2, and MK-7 respectively) were found to have folded 
conformations.80, 85 considering that the quinones do act similarly throughout many studies, it is likely that 
the isoprenoid tail is the main structural component that affects the motion of quinones through the 
bilayer.82, 84 With the large isoprenoid tail of the quinones (>MK-4), it is possible that the lipids around the 
quinones are less packed allowing for higher flip/flop rates.84 The high rate of flip/flop would then allow 
for the quinones to be able to accomplish the necessary function of transporting electrons and protons 
through a membrane necessary for cell survival.3, 82, 84, 86-87 
 
Figure 5.4. Comparison between the illustration normally utilized to depict the motion of a general 
quinone (Q) through the bilayer (A) and a schematic showing that a general quinone (variable headgroup 




5.3 Summary of Implications of Studying the Interactions between Lipids and Small 
Molecules and Electron Transporters 
5.3.1 Implications for Rational Drug Design 
The implications for understanding the chemical and physical characteristics that affect membrane 
interactions are far reaching into many disciplines, but specifically the research within this thesis is 
important for rational drug design. When drugs are being rationally designed, they are normally designed 
to maximize their binding affinity with a target of choice.17, 38, 40 This less commonly done with lipids as the 
target. It may be possible to improve on the efficacy of the drug by considering the environment (as shown 
in chapter 2), along with the specific drug-lipid interactions (chapter 3).1-2 
5.3.2 Implication for Understanding Electron Transport Systems 
Many studies have been conducted on UBQ-10 and PQ-9, but previously, there have been no studies 
on the interactions of MK-9 with lipid interfaces (chapter 4).3, 77-79, 81-82, 84 By comparing the interactions of 
these three quinones, it is clear that these three electron transporters interact with cell membranes in a 
very similar way.3, 77-82, 84 Therefore, the isoprenoid tail is likely the important structural component of the 
quinones that allow for the high flip/flop rate.84 This would suggest that the headgroup differences likely 
has a more important role in the specifics with their respective redox potential and possibly binding to 
the proteins that act on them.3, 8, 86-88 
5.4 Concluding Remarks  
The research presented in this thesis builds a foundation for further research into understanding the 
factors that play roles in the interactions of molecules with lipid interfaces. The pH dependence of benzoic 
acid on its placement within the reverse micelle interface is an example of how the environment can affect 
molecular interactions with an interface.1 Chapter 3 is an example of how small structural differences can 
affect the molecular orientation, placement, and membrane interactions.2 Chapter 4 is an example of how 
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lipid density can play a role in the lipid interface interactions. These studies together are examples of 
many factors that play roles in the interactions of different molecules with model membranes, and 
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Appendix I: Contributions to Works 
The material in chapter one is primarily review and background knowledge of lipids and cell 
membrane composition. Figures 1.2-1.5 were originally prepared or adapted for this thesis. Table 1.1 is 
partially from literature and partially from calculations performed using literature values for this thesis. 
The material in chapter two is published in Langmuir with Benjamin J. Peters as the primary author. 
Coauthors include Allison S. Groninger, Fabio L. Fontes, Dean C. Crick, and Debbie C. Crans. Allison 
Groninger was an undergraduate student who contributed by working through many of the issues related 
to method development for the Langmuir monolayer studies. Fabio Fontes and Dean Crick, contributed 
valuable advice and direction. Debbie Crans guided me through the process of writing this manuscript and 
taught me many lessons along the way about communicating science along with writing the majority of 
the 1H-1H 2D NOESY NMR section. For this work, Benjamin Peters acquired all data presented, analysis of 
the data, and did most of the preparation of the published manuscript.1 
The material in chapter three was submitted and accepted with minor revisions to Langmuir with 
Benjamin J. Peters as the primary author.  Coauthors include Cameron Van Cleave, Allison A. Haase, John 
Peter B. Hough, Keisha A. Giffen-Kent, Gabriel M. Cardiff, Audra G. Sostarecz, Dean C. Crick, and Debbie 
C. Crans.  Cameron Van Cleave, Allison A. Haase, and John Peter B. Hough contributed to the DPPE
Langmuir monolayer experiments. Keisha A. Giffen-Kent and Gabriel M. Cardiff contributed by assisting in 
the isoniazid and benzhydrazide titrations in both D2O and reverse micelle samples through 1H 1D NMR 
experimentation.  Audra G. Sostarecs contributed very valuable advice for interpretation of the Langmuir 
monolayer studies. Dean C. Crick, was always there for support for determining the story and always 
willing to talk about the science. Debbie C. Crans helped set up meetings, give valuable insight into the 
story, and help with interpretation of the data. I would like to give a special thanks to Chris Rithner for 
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valuable input on preparing the 1H-1H 2D NMR spectra. For this work, Benjamin Peters acquired all the 
DPPC Langmuir monolayer data, all the 1H-1H 2D NOESY and ROESY data, determined the pKa values, 
acquired the 1H 1D NMR data for isonicotinamide, nicotinamide, picolinamide, and benzamide, prepared 
all NMR data, and prepared the majority of the manuscript.2 
The material in chapter four is in preparation to be submitted to Langmuir with Benjamin J. Peters as 
the primary author. Coauthors include Cameron Van Cleave, Allison A. Haase, Katarina R. Werst, Brandon 
Allen, Dean C. Crick, and Debbie C. Crans. For this work, Cameron Van Cleave, Allison A. Haase, and 
Katarina R. Werst acquired most of the data for the compression isotherm experiments for the MK-9 and 
phospholipid pure and mixed monolayers. Brandon Allen computed the ideal area isotherm curves. 
Cameron Van Cleave prepared data that was used for the GIF (graphical image format) videos. Dean C. 
Crick and Debbie C. Crans provided valuable insight and advice. Benjamin Peters designed and determined 
experimental parameters, conducted the Brewster angle microscopy experiments, interpreted the data, 
and is currently preparing the manuscript for publication.  
The material in chapter 5 is an outline of where Benjamin Peters believes this data fits with current 
knowledge of membrane interactions and diffusion across cell membranes. All figures were originally 
prepared for this thesis. 
The following appendices state my contributions to the published works that are not discussed within 
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Figure A2.1: 1H 1D NMR spectrum of 10 mM benzoic in 95% isooctane/5% d12-cyclohexane (referenced 
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Figure A3.1. 1H NMR spectrum and chemical structure depicting sodium aerosol-OT (AOT) with protons 
labeled for NMR interpretation forming w0 12 reverse micelles (RMs) with D2O. It is important to note that 
regions near the sulfonate of the AOT molecule may reside within an aqueous environment, while the 
AOT hydrocarbon tails reside within isooctane. The HOD chemical shift is consistent with the chemical 
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Sostarecz, A. G.; Crick, D. C.; Crans, D. C. Structure Dependence of Pyridine and Benzene 
Derivatives on Interactions with Model Membranes. Langmuir. 2018. 
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Appendix IV: Determination of pKa values through 1H 1D NMR 
Titrations 
Figure A4.1. an example titration of iNIC in D2O. The pH is indicated on the left of each 1D 1H spectrum in 





Figure A4.2. To determine the pKa of each compound, the chemical shifts of Ha was graphed as a function 
of pH (right) and a best fit sigmoidal curve was fit to the points. The first derivative was taken of this best 
fit curve to determine the pH at which the slope was the largest (green line) and this was reported as the 
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Figure A5.1. Surface pressure compression isotherms of DPPC (A) or DPPE (B) film on a subphase 
containing 20 mM phosphate buffer (pH 7.4, red) and DPPC film on a subphase consisting of only DDI H2O 
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Figure A6.1. BAM images of post compression isotherm collapse of monolayers consisting of 50 nmoles 
of MK-9. Times post-collapse are given with corresponding images below. 
132 
 
Appendix VII: Brewster Angle Microscopy of Mixed and Pure 





Figure A7.1 BAM images of DPPC, 25% MK-9 and 75% DPPC, 50% MK-9 and 50% DPPC, 75% MK-9 and 25% 
DPPC monolayers and a monolayer consisting of 50 nmol of MK-9 (left column to right column 
respectively). Surface pressures are given on the left every 5 mN/m until 40 mN/m. 
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Appendix VIII: Brewster Angle Microscopy of Mixed and Pure 





Figure A8.1. BAM images of DPPE, 25% MK-9 and 75% DPPE, 50% MK-9 and 50% DPPE, 75% MK-9 and 
25% DPPE monolayers and a monolayer consisting of 50 nmol of MK-9 (left column to right column 
respectively). Surface pressures are given on the left every 5 mN/m until 40 mN/m. 
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Appendix IX: Vanadium-phosphatase complexes: Phosphatase Inhibitors 




This manuscript is published in Coordination Chemistry Reviews with Craig C. Mclauchlan as the 
primary author. For this work, Craig Mclauchlan acquired most of the data and wrote a significant amount 
of the manuscript. Gail R. Willsky added valuable input for a more biological perspective, and Debbie C. 
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This manuscript is published in Polyhedron with Xiao (Sherry) Wu as the primary author. For this work, 
Xiao Wu conducted the experiments, prepared the data, and prepared most of the manuscript. 
Christopher Rithner assisted in acquiring the NMR data, and Debbie C. Crans was a greatly assisted in 
guiding this study and preparation of the manuscript. Benjamin J. Peters assisted in guiding Xiao Wu to 
make sure experimentation and samples were prepared correctly along with fine tuning the manuscript 
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Appendix XI: Does Anion-Cation Organization in Na+-Containing X-Ray 
Crystal Structures Relate to Solution Interactions in Inhomogeneous 
Nanoscale Environments: Sodium-Decavanadate in Solid State Materials, 




This manuscript is published in Coordination Chemistry Reviews with Debbie C. Crans as the primary 
author. For this work, Craig C. Mclauchlan acquired most of the data and preparation of the 
crystallography sections, Xiao Wu assisted in the preparation of a couple tables within the manuscript, 
and Debbie C. Crans brought all the ideas together and wrote the reverse micelle section. Benjamin J. 
Peters prepared figures 8, 11, 16, and 17. Benjamin Peters also assisted with preparation of the reverse 
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Appendix XII: A Synthetic Isoprenoid Lipoquinone, Menaquinone-2, 





This manuscript is published in the Journal of Organic Chemistry with Jordan T. Koehn as the primary 
author. For this work, Estella S. Magallanes helped originally obtain data and prepare the manuscript, 
Cheryl N. Beuning acquired the electrochemical data and prepared the electrochemistry section, Allison 
A. Haase helped acquire the Langmuir monolayer data, Michelle J. Zhu helped acquire preliminary data of 
menaquinone-2 within reverse micelles, Christopher D. Rithner gave valuable help for NMR interpretation 
and acquisition, and Dean C. Crick and Debbie C. Crans were there to give valuable advice and help 
preparing the manuscript.  Benjamin J. Peters designed the reverse micelle experiments and prepared and 
analyzed the Langmuir monolayer section. Benjamin J. Peters also helped with NMR interpretation but to 
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